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PREFACE

The Federal Aviation Administration is responsible for operating
and Tnaint . iininq the a ir ~~~j  f a c i l i t i e s  of the N a t i o n a l  Avia t ion  System.
Th’ m a g n i t u d e  of a n n u a l  opera t ina  and m a i n t e n a n c e  ~~-~t~; is such t] 3t
mL a r s  for  r educ ing  these costs are  being sought .

This r ’ r - e r t  r :u r n e n t~; the r e s u l t s  of a s tud y to model the r e l a t i o n s h i p
b, twee n a i r way  f a c i l i t y  n a i nt e n a n c e  pract ices  and (1) a i rc r a f t  de lays  in
t - r n i r ~, i )  a reas , and ( 2 )  ma in tenance  costs.

T h r - c i  med -~~c a re  in tended  to serve as tools for e s t i ma t i n g  the impact
‘5r .y~~r ‘-r users  and cvs ten ,  operators  of proposed m a i n t e n a n c e  cost reduct ion
i n ~~t i a t  j ’ i t

T i ’  models w - r - f o r m u l a t e d , demonct r a t ed , and documented by ARINC
f. ,.~~ , r r - - )  Corpora t ion  under  con t r ac t  to t i e  T r a n s p o r ta t i o n  Systems Center.
M r .  F.  F r a n k ’ ) of the T ranspor t a t i on  Systems Center  provided the  t echn ica l
~n uda n c e .  Th~- ) ‘ - i i c a t i on  a nd ex~.’r t i s e of M r .  L. B. ~ r een r - , Dr .  J. W i t t ,

M r . M . r (br ~r ’~— P o w i d z k i  of f~F~IN ’’ R c- -;ea r ch  is • , s k n r s w l i. -) ’ ; ,  t e  )~ the
m a j o r  -~~c t r  1t~~j t  1 S T ,  t ( ,  t n i S  work .
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SUMMARY

1. OBJECTIVE

The objective of this study is to provide t i e Federal Aviation
Administration (FAA ) with two analytical tools to be used in support of
its efforts to control maintenance costs. This objective has been
achieved by developing, demonstrating , and documenting two such models
for the Transportation Systems Center (TSC) . The application of these
models for FAA maintenance planning is beyond the sSopu of the contract
work .

V 

2.  BACKGROUND

The volume of air traffic that flows safely and efficiently th rough
the network of sirway facilities spanning the United States is e:t rmous
and constantly growing . In 1975 , Chicago O’Hare International Airport
alone handled b90 ,419 aircraft operations. To support this level of
activity, the FAA maintairls more than 100 distinct types of airway
facilities , e.g., VHF Omnidirectional Ranges (VOR) , Airport Surveillance
Radars (ASR) , etc. In 1975 , FAA maintenance was p er fo rmed  by a 10,000—
man force assigned to 140 maintenance oectors, at a total cost of $390
million .

The FAA ’s Airway Facilities (AF) Service , in an effort to r- -duce
this hea~~’ e xpenditure of funds , commission’-d TSC to investigate means of
reducing the’~ - costs without imposing excessive delays on the user commu-
nity. A constraint on this investigation was that , regardless of oth .’r
consid ’ rat ions , safety must not be r e d u c e d .

In June 1975 , TSC and ARINC Research Corporat ion together prepared
an approach to the problem , and this approach was incorporated in the
ARINC Research proposal to assist TSC in It . investi gation . The approach
recognize ’-; that the FAA can vary certain facility-maintenance policy
decisions . e.q. . preventive maintenance (PM) practices. Such variation
will affect (1) the cost of facility maintenanc e and (2) facility avail-
ability . The variation in facility availability may affect the user
community by cauning changes in the de’ays induced by normal conditions
of weather and schedule. TSC retained ARINC Research to develop two models
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t u for in on the varcing noi- ;t s  of n,~ir,~~a ; r i r , s~ t r -  ai r -Jo - , - f a c i l i ti e ’ ;  w i t h
Ch an ges  ir, m o i r t ~ -n ance  T ronecIjre; and the . ~c~-~~ 5n 1t an t  -le lay cost s  exr , e r —

~eflC ’- -1 h’, tn  u s e r s .

3 . M : L :, :UM~~A 1~IE:;

3. 1 User  D c - l a y  “st  Mc ccl

of t oo two  no-ie ls  0:. ’ U s e r  L~ela-,,’ ‘:o’;t - 5ssl J~Y~M) , de s igned
to c-:;t~ r soC d el a ys  to to -~ or n o r o n u r i ’  -

, 
~

j -
~~~

- 
~~‘, f~~’i~~

jt-; o,tase and ot oer
f ac t o r s .  ‘,ri g~ r a t l y ,  it wa m t  n - i ’ d 0:00 05’ - ‘D hM o it o~~t ~~~~~~~~ be doll ar
-:0 - O S  to tne ~ns r n ’-,nn -sr. :t’,’ , di vi :i c- -i i n t o  f o a r  c lasses  a ir  c a r r i e r s ,
,~i r t o x I n , gen e ra l  0 r l a t l o r ,  , anti m i l i t a r - ,’ a i r c r a f t .  Sunse ’ iuer .t l y ,  T ED
and  A~~, i : ; V . F’- e a r c r ,  -s r” t ; ,~~t o u n er i c a l  d~~ ] - ~

.
,

V n ’- a : -ur e s  w o a l d  Ce more
aT croT riate s in c ’  to e’,’ w t u l d  make the m ode l  lr . d e p e n t i er ; t  of cost f a c t o r s ,
W T i ch co-il ; be ‘-xp ’ c t ’- d  to  f lu c t u a t e  with ch a n g i n g  economic condi tions .

t s  to ac:. g ro u T.  c a r ,  no c a l c~~l a t ’d  b u c i n s  d e l a y  nea . -r e s g e n e r a ted
0’/ toe CO-i s i a s i  cost  f a c t o r ’-. app rop r i a te  to tn ’, us er c l a s s .

Tn ’ m ode l  ~s a M’ .t e Ca r lo -‘ :onnut ’  r simulation of e s s e n t i a l  aspects
O I C  t r a f f ~~: ~~~~~~~~~~~ i o -~~~ od a r o i n d  a T~-rminal ~or tro1 Ar e a  ( T C A )  , w i ts

‘ m r - o t i s  or , Oh ’- e f f ’- c t s  of  f O C i l i t ’V o . o u ’ - . The  Boston T ’ A  (Logan  A i rp or t
~o-i se vera l  senon~;or , a l r r , o r t , )  h a  - n .  ‘- i  u se d  as a g u i d e  for t oe model
‘ic /c i o p n’n t  - Th’- m o d ’- l  - o s r ln e s  Or ’ -  0 - roe i r i m a r y  s to c oa s t ic  p roces se s
tOot ir,~i~~~O ; ~ d ’-ia ’,’ - :

F a c i l i t y  ‘ J ta ’~e

T r a f f i c i --r;s i~~’/

and’ r i c i n g  pr ’  rr, i so - f toe ri’ ’J ’- l i s  tn - , t th’-se t n r ’rc f a c to rs a rt  i n t r in -
s i c a l l y ino ~ r r e i ~~t d  in  t oe -  c r e a t i o n  of d ’- l ay  and toot tnt only  wa - , delay
can n’ att r lr 5 ~o’ d to  or s in g l e  f a c t o r  is to  hold  toe ‘strer two c o n s t a n t
an d  neasir • V , r -  r t i a l  s - l a y  ‘si-i d c’. v a r i a t i on  of t h e  t h i r d .  I t
‘ a m  r,’ s -e r ; t V , , t  tOo di f f  r’ r ,t ia l  d’ la- . a i~~~ t ed  w i t h  a f a c i l i t y  outage
-i ‘ - Y °~ to ’ r e f or e ,  not  o i l y  or t h e  sh a r i .- of f a c i l i t y  s t a t u s  hut  also
Or, t o  e X I - t i ; ,  g ‘~~‘ ~ t ’ f l  nor, ~it l O t , ’ , e r , ~ t r a f f i c  i n te n s i t y .  H i s t o r i c a l
~r-a n n , - r  ~j 0 t , j  f o r  r o g a n  or ’-  a i r ’  ady  in  ‘- r r ’ r a r ’ - Vl in the trK~’iel , and the
nod ’- l w i l l  a c c en t  various a i r c r a f t  t r a f f i c  i ; ;  ,t s .  A f t e r  dr - l a y s  a re
i n i t i . i l iy fl ’-a ‘ ;; r’- -i , 5- ’ - ! ’  r a i  Op t  loi s are  a v a i l a b le  fo r  osc ’- ’;slng  the  impact
of f a c i  i i ’ - ~,- o i t a g ’- . ‘~ ne or mon ’  fe i i i ’  i - can he t aken  out  of t h e  system ,

t ’ - ,~ A R . to a t m m ’ -  t o  - :on ’ , ’- u -toe. of t ’ ,t a i  u n a v a i l a b i l i t y .  An
a l t e r r a t m - j ’ -  met ’s,sl i s  to ~~

-
~~

- igr  v-u i’- -; of M ’ S I T  T i n ’ -  he tw ’  en Dutages  (MTBO)
-ire) M e  T i m ’  To F” - ‘or ’  M’F TF ’~ •o a l ~ f - c c i i i r i ’ - s  s i m ul a t e d  in the model
and l ’ - t  h ’ m’ ’i”l t r ’-at  O h ’  c -j r  ,,‘~~‘ • ; r d  r ’ - - t ’~r at i o n  im e a  as random
‘j a r laf 1 ,5 .

The model l o g i c  ‘l ip ! ic at  -s O h ’  s ;ompI ’--x rules and procedures that
q”v’’rn the movr.m~- rt of ai r cr a ft V t ’  a f - i n s t  ion of t h e -  aircraft trafr~ic
lnte r,sit - V - , O r ;’- ‘ r 0r0- ; of FAA fac i li rie s . and the prevailing weather.
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The basic gut - st  l o r i s  t h a t  the  model is concerned wi th  in moving an
a i r c ra f t  a n -  as fo l l o w s :

Wi ll the aircraft traffic exceed the instantaneous traffic—
handling capability of a controller (controller capacity)?

Will aircraft separation be in conformance with FAA standaris?
The standards d c - i - e n d  on the status of FAA facilities , the weather , and
aircraft weight.

Can the aircraft land? The art ’-;wr r to this question depends on
the status of FAA approach facilities and the weather.

A large number of detailed conditions or factors are considered in
resolving these three key quen -ens. For example , aircraft we i ght is
u~,od to d c t ’ -~~ i r m n e  l a n d in g  -- “ J - a r at i o n  c r i t e r ia . Appro ach Category  and
weather conditions establish landing m i n i m a . In addition , man y runways
and combinations of facil ities are considered. The modrel has been
developed to consi’is- r the above issues in some detail. To expedite the
model developmen t and its execution time , howc’ver, it was decided not to
simulate every stop-by-step command (e.g. , heading vectors) that a con-
troller issues to an aircraft but rather the overall set of rules being
followed in gI:ne :-ratino these commands .

Although th’- mode l wan designed to assess the impact of changing
facility availabilities on user dc-lays, it was recognized during the
development process that the model would provide the ability to evaluate
a number of additional issues. There fore , thc UDCM can be used to analyze
the differential delay.~ induced not Only by facility outage but also by
the effect of aircra ft schedule and weather variations , as wel l  a s by a
host of related factors . Any -suestiong or issues affecting the following
may be addressed easily with the mod el:

Er , a c i n g  in f i n a l  app r o a c h

Number of aircraft a controller can handle simultaneously

Landing approach minima .

For e x a m p l e - , t he  mod e- i  can answer  ques t ions  such as “what would be the
b e n e f i t  (as measured by reduc t ions  in  a i r c r a f t  de l ay )  of i nc reas ing  the
numbers  of a i r c r a f t  a c o n t r ol l e r could h a n d l e  s a f e l y ? ”  or “what  is the
bene fit of installing a new facility having different characteristics
(e . g . ,  a n I L S ) ? ”

3 . 2  FacUit~~~Maintenan-:e ‘Y)st Mode l

The second m o d e l ,  t ) e r  F a c i l i t y  M a in t e n a n c e  Cost Model ( FMCM ) , eval-
uates thc- expected annual labor cost and staffing requirements of main-
taining FAA facilities w ithin a maintenance sector. Developed for time-
share computer applicat iore , it will ~valuate both the preventive mainte—
nan,’- ’- (PM) and corrective maintenance (CM) required by any single facil ity
(e .g .  , a VOR) , accumulate staffing and cost data on similar facilities

vi i
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CHAPTER ONE

INTRODUCTION

The volume of air traffic that flows safely and efficientl y through
the network of airways facilities spanning the United States is huge , and
‘trowing. Chicago O’Hare Internation~ i Airport alone , in 1975, handled
(,9’),4l9 aircraft operations , of which 577 ,.~t~ in volved a ir carr iers .  To
support this level of operations , t h ’ -  Federal Aviation Administration (FAA)
maintains 113 distinct tynes of airway facilities. FAA maintenance was
‘cerfo rmed in 1975 by a 10,000—man force ;essiqned to 140 maintenance sectors ,
at a total cost of $IQO million.

The FAA ’S Airway Facilit’es (AF) Services, in an effort to reduce this
heavy expenditure of funds , commissioned ti -,e Transportation Systems Center
(TSC) to investigate mean s of reducing these costs without simultaneously
imposing excessive delays on the user community. A constraint on this
investigation was that regardless of other considerations , the level of
s a f e t y  must  not be reduced .

In June 1975 , TSC and ARINC Research Corporation together prepared an
approach to the r’roblem that was incorporated in the APINC Research oroposal
to assist TSC in it: -; investigation. This approach recognizes that the FAA
can vary certain facility—maintenance policy deci sions , preventive mainte-
nance (PM) practices , and many other activities. Such variation will affect
(1) the cost of facility maintenance and (2) facilit y availability . The
variation in facility availability will affect the user community by ca sing
changes in the delays induced by normal conditions of weather and schedule.

-: TSC retained ARINC Pc-search to develop two models to f’-cus on the vary ing
‘sot;t ; of maintaining the air:ays facilities with changes in maintenance
,rnuc ed ;mrc” ; and the concomitant delay cos’s experi enc ed by the users .

1.1 STUDY PURPOSE

Th e purpose of thi s st ud y is to provide the FAA with two analytical
tools to be ij s- j in :;li t it no rt of i t s  ob jec t ive  of r educ ing  main tenance  Costs .
This purpose has been , i chj e v e d  by develop ing, demonstrating, and documenting
two cost models for TSC.

1 — i
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The first of the two models rcr (’sented in this report  is the User Delay
Ccst Model (UDcM), designed to estimate delays to the user community due to
facility outage and other factors . The user community is divided i nto four
classes: air carriers , air taxis , general aviation , and military aircraft.
Originally, it was intended that the output of the UDCM would be dollar
costs to the user classes caused by delays . Subsequently, it was decided
‘:ith TSC that a more appropriate output form would be a set of delay mea-
sures expressed in numerical and phys i ca l terms rather than in, terms of
dollars. This makes the model independent of cost factors , which may be
expected to fluctuate with changing economic conditions. Costs to each
group can be calculated by using delay measures generated by the model and
cost factors appropriate to the user class. The model is a MOnte Carlo
computer simulation of essential aspects of air traffic movement in the
Boston Traffic Control Area that are affected by facility outage .

The second model , the Faci lity Maintenance Cost Model (FMCM) , is
designed to evaluate the expected staffing requirements and annual labor
cost of maintaining FAA facilities wi thin a maintenance sector. It is
constructed to allow expansion to include nonlabor cost elements and to
encompass multi—year (or life cycle) costs. The model has been developed
for time-share computer application . It will evaluate both the preventive
maintenance and corrective maintenance required by any single facility
(e.g., all VORm- ) within the specified maintenance sector , and then evaluate
all other types of f a c i l ities (e. g . , ASRs , Outer Markers) c~,ithin the sector.

Ultimately it is expected that the UDCM and the FMCM will be used
jointly and in conjunction with a yet to be developed Facilities Availa-
b i l i t y  Mode l , as shown in Figure 1—1.

The UDCM acce pts schedule and weather data inputs as well as predicted
failure and repair parameters from the Facilities Availability Model (FAN).
Mean Time Between Outages (MTBO) and Mean Downtime (MDT) will be the prin-
cipal parameters for predicting user delay cost as a function of availa-
bility. The FMCM inputs, principal l y Mean Time to Corrective Maintenance
Action (MTCMA ) and maintenance scenario options , will be combined in the
model to predict facility maintenance cost as a function of availability .
When these two func t ional  rela tionships have been developed , as suggested
by the graph in Figure 1-1 , an optimal level of facility availability can
be calculated . The concept of availability embodied in this figure is a
generalized one . It can be thought of as either the availability of a
single facility or a weighted combination of facility availabilities to
represent , for example , a sector availability.

1.2 rtN-ANIZATION OF REPORT

This report is pre sented in seven chapters and two appendixes. Follow-
ing this introduction , Chaptc’r Two presents the overall technical approach ,
includ ing a description of and justification for the assumptions made in the
construction of the rn”ie;ls , and the limitations to model usage.  This  chapter
also contains a narrative descri ption of project activities.

1—2
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1- ’ : i ~ ij r c ’  1-1. MODEL REQUIRE MENTS FOR A N A L Y Z I N G  COSTS TO THE FAA AND THE

USER COMM UNI TY AS A FUNC’I ION OF F A C I L I T Y  A V A I L A B I L I T Y

Chapte rs  T ire-c’ and Four report on the  User Delay Cost Model.  The
development methodology , the subjec t  of Chapter Three’, includes an overview
of model capabilities , the technical approach to model formulation , model
limitations , data required to exercise the mode l , and a description of model
o u t p u t s .

Chapt -r Four describes the UDCM demonstration and provides an analysis
of the demonstration results.

Chapters Five and Six report on the Facilities Maintenance Cost Model.
Chapter Five it ,’-l,id ’-s an overview of model capabilities , technica l approach
to formulation , mode l inputs and output s, model ar~t licat ion’ ; , and limita-
tions. Chapter Six dc-scribes and analyzes the FMCM demonstration.

(:hatter Seven prc’ - .en,tt -; the conclusions and recommendations resulting
f rom thi s study , and suggests areas of effort for further development of the
potential of these mod’ls .

A nh ’tailed description of the data required by the UDCM is provided in
Appendix A; r e f er en c e -  documents  are l i s t ed  in A p p e n d i x  B.
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CHAPTER TWO

OVtRALL PROJECT TECHNICAL APPROACH

A model is an abstract  r e p r e s e n t a t i on  of r e a l i t y .  I t  may be a set of
m a th e m a t i c a l  expressions, as is the i”MC M , or a computer s imula t ion , as is
the UDCM , or a “black box ” wi th  the contents unspecified . The most impor-
tant property is that the outputs , or responses , are related to the inputs
in  a manner consistent with their real world counterparts. In order to
achieve the desired degree of realism in the UDCM and FMCM , it was necessary
first to identify those feature:; of air operations and naintenance practice
which were to be modeled and determine how they were related to delay and
Cost .

2 . 1  MODEL DEVELOPMENT

The formulation of the models was based on interviews with personnel at
th e Boston Logan t- -~~ - r  - i n t e l  m a in t en t a n c- ’: p e r sonnel  in the New Enqland  Region ,
and on observations of operations in the Logan tower , to iden ti fy  those
elements of maintenance and operations to which the models would be most
responsive . Initial visits were followed by research into standard oper
ating procedures. A number of manuals and studies were consulted , both
those governing the entire FAA and those peculiar to Boston . These are
identified in the Reference section of this report.

The field observations , supplemented by detailed telephone interviews ,
were combined with the research to produce an outline for the structure of
the models. As th.:se structures were developed , it became apparent tha t
certain limits on t he ’  scope and comp lex ity of the models would be necessary
if the ‘-oct and tim’: constraints were to be ‘net. Most of the key model
limi tations were re-viewed by TSC or Boston tower personnel.

The models were then programmed a-nd tested incrementally, especially
the UDCM , as mod tIes were completed . As the models were being assembled ,
dat-i were collected jointly by TSC a-nd ARINC Research. This concurrent
model construction and data collection assured that data required by the
mode l were or could h’ made available’ . It should be noted , however , that
data collection was not a contractua l r e s p o n s i b i l i t y  of ARINC Research and
that wi~ile  every effort was made to provide accu ra te  da ta , some of the
input :, to the models were estimated for demonstration purposes . These
i nst an ce ’ : ;  a n -  n o te” I  throuqhou t  t h i s  report as appropriate.
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The n O -J e l ’ , ‘g ey ’  ~~~s t~~’l by u s i n g  f a c i l i r i e s  a t  r~o tr Tn’- —,,rci T~P T~~’

~‘:sear :h fe- to’ ‘;:- ‘ cI , and a t  AP.T~:’-2 b e s o a r c h  ( ‘2Y, Y r ’ ,r e os t i m e — c a r  m g
sy n c - c ;  ~~‘ r - ‘  - r -~

2 . 2  ST’j :j ’,’ ‘~ ‘1 :,p: 1:;L-:: ~~~

,cf’ ’ :r ‘ - r m i r . a l h-i ’iar ‘,ostrol ( T T ~h~~ fa’sm1~~tn’,s -cc c ower  op~~n ’a t 1ons
n’’. c-h- ; ’s r ’ Jc  -i , ma —, t ’:re anc - e n,o r ’;or -r ; e 1 a n ter’.’i’sWo’~ , at-i c’’.- r o e  ii, r ’ ’,l ~ ‘-i” i  1 —

r ’ sear- ; r ‘ n f o r r r ’cl , t-gO lmo’srtar,t n ioda l  S ia’:’:~ as ’s w’ n’ i’ s t i f _ ’- ’i

T- .e model:-; ‘ -ea r’s to sa- ’,”: toe  ‘- -a p ab i l i t ’,, - to ‘-i ’ :-.c r . o ’  -,oy Tt1 “r
r”aa- .’ -re t . - - 

~
- . - - , r - e - - ’

Icol ’ ,’ f i r s c — ~~r b r — o f — r n , ,  i tad’- irc, -j t ’~ -,,v- r r , n ’o is’

T a ’ , f i rs t  of tne30 g a : ds l x ne s  tSs , in” : ’: m o b ’  1 f l ex i h i l ;  c - ’ . Th as by
i c c it  h at e  set , t r C  mtdels car. os :~I, t  i’~ to r sn ,r e s ’-.- r . t s ay  TCA

or s’-c ton ’ . f- ’ine r ’- r  -e to to ’s s’:’s’sr ’i g o l d - sh oe :,r ’ ’,”:ot ’ci c ,r , scessa ry  ~ r o —
h f -  r ac is t,  of  m s ’ l ’ - l a r , g  d et a i l .

Tr , ’: ‘;r . ’s c if~~~ ni’-ybel  ass ~nr~t 1~~ns -‘ e s cr l h’, ’S a n ’  t- ’c fo1j~~-gir .s- :,-:,r-i’:r’a:,:, :--
‘go re ma d ’: to or f o rm  w i t h  t h o s e  g c i d ’ l i r e c .

2 .2 . 1  ‘J 5t ~~~A :;c _~~r .tions

To’s most irnr:or tar t a’, ‘: n:, tions ado:,t’ for t he  ‘~~~~~~~ -~ ar e  t h ’ . following
(ot:, ’:rs , los:; f’ar,-ianental , are ‘bescr rh’s’: ~nd di’;’: ;‘,SC’i i t  t r i s  re st  t a:;

tn ’ ’/ ar e  ‘~tc—~, ar ; t e r ’- ’b

Fecilic - ,,’ o-it~~g’ r ir.t’-r.cts with w e a t : e r  cor ’-bitic,rs ~od s i r o r - e f t
‘-;coc :d sl ( l ’~ .’r _ of aln ’-,rs t ce-’r- tis , - - ) :r~~os’: ‘i’ la-,’-: cr ,  tb ’-
‘,omrcsr ;iti ’:;.

Se r , ar e t r s r ’  of a i r c r a f t  in th ’, TCA w i l l  be niai : ,tain ’cl  by arriva l
a r c  d ’- - r --sr - srs ;or,troll ’-rs ar ,d is - ’ air cra ft s i b ’ ,’ -

Air craft m a i f  ir e -t  i on s  a re  not cons n c c r ’ :d .

Is ~~~~~ f i r’ ;t a ’-, ,  m m n - t i o n  i t  is imp l c i t  r h - i t i’  lay i s  b o l r ; t l y  d e t e r m i n e d
by t:,’- - ’ ’- tsr’ ‘ f a ct o r ’ ; ;  S t 15 meanin gless to  a t t r m h a t n ’  - -.0cc l ’s ’  I of d e l a y
to on ’: fa’: tsr  ‘g 1t~~;~~ I,n t  it the same t in ’  cons ider  i r s  t n ’ : other two .

Th’ . -; ‘- ‘:srvl a ,‘; im;,t n o r  na k e~ i t  ‘m n n e c e - ; s a r ’/  f o r  t:. c- l ogi c ~ f t h e  mode l
to r’cJ alat s ~r,e’’d 

, a I t it  ide , and hea-irrg of a m r s - r e  ‘- t i r e  t s~ . mod el  to  assure
l a t - - r a b  ar es  v’e r t r c - m l S c  a - r a t io n .

2.2.2 “~~~~~A - .’ m p ’ isor ’

Tb ’s ;rm n ’:l n - m l  aS s m r p t  non of t h e  j”-1- ”~4 ‘:‘sr c er r ’ n  labor costs .  Since
labor cost :,  ‘so n c t i t a t ’ - RO pe rcen t  of to ta l  m a i n t e n a n c e  cost , t h i s  is the
f n . r ’a t - o r ’l c ’ r — s f — r n c , g r i t i - b r  i np u t  a-nd is t h e  onl y cost f ac to r  a f f e c t i n g  the
r,1n’:,4 .
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CHAPTER THREE

USE P DELAY COST ‘4 eLE1

3.1 DESCRIPTION OF BOSTON TCA

The Boston Terminal Control Area is a typ ical hi gh-volume TCA , and
for this reason was chosen by the FAA as the guide for -bev’:l’;:-n’-r,t of
the UDCM . A broad overview of the Boston TCA is presented here in prepara-
tion for the discussion of the UDCM particulars.

The Boston TCA is a positively controlled airspace , centered approxi-
mately on Logan Airport , about 40 miles in diameter. Figure 3-1 depicts
the Boston TCA. The ceiling of the TCA is 7000 feet above mean sea level
(MSL) , while the floor varies from the surface , near Logan , to 4000 feet
MSL elsewhere.

Within the TCA , since it is a positively controlled airspace , all
aircraft are ‘n-nh ~‘--ct to the operating requirements specified in Part 91
of the Federal Aviation Regulations (FARs) . Aircraft desiring to pass
through the TCA must request permission , which may be denied on the basis
of traffic l oad within the TCA . Air traffic control service extends
outside the TCA to accommodate the aircraft crossing TCA boundaries .
Although an aircraft may request entry at any point on the TCA boundary ,
most will be flying the airways and will appear at standard boundary
entry points. These points have associated with them holding fixes, or
patterns , at which inbound traffic may be held , or stack ed , until they
can be accepted and handled by one of the three arrival radar (AR)
controllers who operate in the Boston Terminal Rada’ Control (TRACON)
Facility. There are five such fixes associated with the Boston TCA :
Man jo, Mill i s , Rridgew.itc’r , Sk ipper , and Lawrence. They lie about 20 to
25 nautica l miles from Logan and are depicted in Figure 3—1 in their
approximate locations as race- t rack  patterns , wi th the arr ows showing the
hold ing  d i rec t ion .

When an a i r c r a f t  approaches the Boston TCA on an IFR f l i ght plan , it
wi l l  normally be u n -h r the control of the Boston Air Route Traffic Control
Center (ARTCC). It will be handed off to the Boston TRACON at some point
outside the TCA but inbound to one of the holding fixes . If there is a
light traffic load , and if traffic is moving well , the a i r c r a f t wi l l  be
vectored w i t h o u t  delay to a point where it can commence an approach to
the runway in u-me. If , on the  other ha nd , the a i r c r a ft can not be accepted --
because the controller already has his hands full , the re is inadequate
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Str. a r ac a ’s t .  r ,cO-,ie’,,r, t ’  S a a n ’ c r’c’c t , . n ’ i~~’ s V .  V. , ,  cr c ’s-’;:’;  a r c  t - ’ s s’s  a re a s , s.c
— ..r, ., m ,  a:, -: so or , ’-, cs ‘ir, -; a r.’: —— t . .e  ‘-i a r c r a f t  ~5.i.. t,’~ ac iasea.
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This , in broad ou t l i n e , is thea “ r’-’al ‘,esrl’l” situation in the Boston
TCA . The remainder of this ‘,-h a r t er is devoted  t-. an explaration of how
the UDC M s imu l a te s  this  a i r  tra ffic control “rmv iror ,n ’,r,t .

3 . 2  OVERVIEW OF MODEL AND ITL CA 1’,,BILITIES

The :JDr-M is a Mn’,rcta- C a r l o  s i m u l a t i o n s  r~c’s~1’s ,l * t : a t  cs.mbinez th e th ree
p r i m a r y  s tochas t ic  processes t h at  ir , d -j ’  ‘; u se r  ue1~ey:,

F a c i l i t y  outage

‘ raffic in tensity

W e a t h e r .

The underlying premise of toe  mode l  is tn -a t  these t hr ’se  f a c t o r s  are
intrinsically interrelate-b in the creation of delay ar -i that 0cc oraly way
delay ca-n be attributed to any one is to dcl’] two constart and measure
t :ce d i f f e r e n t i a l  de l a y  c-au:- ;cd by variations of t h ’-  third . I~ is easily
seen , therefore , that the ‘3tffer ~-rtial delay asso’siatc-i wi th a f a c i l i t y
outage depends no t or l’~ or, the ‘sharge of facility stat-is but also on the
existing weather cond itions and traff i- ; l rtens; t ’/ . The weather and levels
of asrcraft acti-/ity car, be se t in any nanr,er , but a large quantity of
recent historical weather data for Logan is alread y incorporated in th~
model. After delays are thus initially ns’-es nred . se-ieral options are
available for ass’,ssir,s t h e  impact  of f a c i l i t y  ou tage . One or more
facili ties -can be tak-’r, ou t of the ‘s’/:;tern —— e . g . ,  the Airpor t Surveil-
lance Radar (ASR) -- to determine the consequences of total n on a v a i l a b i l i t y .
An a l t e r n a t i v e  method w o u l d  be to as s ign  v a l u e s  of Mean Time Between
Outages  (MTB O) and Olean Time to R ’sstor e  (MTTR) to a-i l  f a c i l i t i e s  s imula t ed
in the model and let the mod e l t r e a t  th e  outages and restoration times as
rasdom variables .

NA Monte Carlo simulation rno-h,,l is a computer—based ts.ol used to analyze
comp lex  sys t ems  w h i c h  in  rea l l i f e  h a v e  -o st ‘‘,rr ” ’ , :-rod’m’ -ts, or tc ;tput s
that  are subjec t  to chanc’,. For exanp i’-- , the number  of aircraft diverted
f rom Logan on a-ny p a r t i cu l a r  day is a ra-,dom quantity that is dependent
on t he  comp lex interaction of a large number of other indc~ enden t random ,
or chance , events. If the pr obabilities of all the determining events
are know n , as well as thea m a n n e r  of onseir interaction , then the proba-
bility ef ~~~~. ‘ depen- ”rm t e v e n t  can hr  e, ’ st imatcd , ‘, ‘,en w h e n  i t  cannot  be
calculated mathematically. The essential a at  that the computer performs
is to sequence through the network of ‘s’v’•r,ts or decision points to simu-
late and evaluate thc’ -ju’rcom es. It do’s’n this by rn’ndomly selecting at
each decision point a number f r om  a smet ef 1000 equally likely numbers
fr o n  1 to 1000. This corresponds to selecting a uniform random number
from the interva l ‘I to 1.0. Repeated r’-fereric” will be made to this
r rocess in this chapter.
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3.3 TECHh;ICAL APPROACH TO MODEL FO?,N’JLAT Ch

The model logic du p l i c a t e s  to’s complex rules and proce-isres t oa t
govern the movement of ,,ircra ft as a function of the aircraft traffic
in t e n s i t y ,  t he  s t a t u s  of FP~. f a c i l i t i e s, and  tr,e ns reva ali r ;g weather. A.~
a i r c r a f t  bound  fo r  Logan is g e n e r a t e d  at  to’~ ho- ,m r . dary  of too Eo s to tm TCA

~at  one of t he  fa ’ic co lb i n g  f i x e s ) , ari d i ts  m ’a ’,em ent f rom  t he re  to Logan
is simulated. A ir ’sra f t goir,g to secondary a i-o or t s  arcoear in the model
as  if they were at the d’sstinaticr, airport. For aircraft landir.g at
Logan , a r andomized  t u r n a r ou n d  t ime is -is~~-l to schedu le  a a sbsequor.t
d e ca r t u r e .  A i r c r a f t  d ep a r t i n g  f rom  seccr ~dar y  a i r por t s  a r e  not  sa mu l at e d .

The na s i c  qu e s t i ons  toat tre model is ‘sor , ’ser t ,ed w a t h  In m’s-/ i r. g at’.

a - a t - c r af t  arc- :

1. W i l l  tn i s  a d d i t i o n a l  a i r c r a f t  ex’se ’sd tr .e ar ,50ar ,tat ci ’iss t r a f f i c —
oate d l i n g  c an c - s h i li t y  of a co nt r o l l e r  - ;or ;t ro l i e  r c a n sa c i t y) ?

2 .  W i l l  aircraft S e r- . ar a t i o r ,  be it, cor ,f or m ar , c e  w a t t - , FAA standards?

To’s st andards  a rc  d ’staen d- r, t or. to’s stat 55 of FAA f a c i l a t a c s , toe
w ea to e r , a-rd aircraft weagr.t .

3. Can toe a a r c r a f t  l and?  Tris is dera endcr , t -Sp ot , to ’s stat -cs of FA~
a p n c r o a c h  f a c i l i t i e s  a -r d  tr.e w e a t h e r .

As w i l l  be shows. in tn ’s  e n s - s i n g  d i s c  ass  ior , ”c of  toe  model , t o cr e  are a
large  nu~~’sez’ of d e ta i l ed  o o n d i t n c n s  or f a c t o n s  toa-t m-sst  n’s c o n s i d e r e d
in r ca- ly i n g  tnese  tr ,ree  key g se s t i cn s . F’ar ex amn , le , tr. e a i r c r a f t  w e ig h t
and approach  ca tegory  a-re seeded cc e st a r , l i s r ,  ceo a - r a t i o n - ,  c r i t e r i a ,  as
are mln irn ’srn w e a th e r  c o n d i t i o n s  f o r  l a r d a n g .  T h e r e  are a s o  man’ !  runways
and combina t ions  of f a c i l i t y  av a i l a b ii a ti e s  to be cor s i d e r e d .  The model
has been deve lop ed  to cons ider  the s ’s  i s sues  in some de ta i l .  To exped i t e
toe model  d e v e l o p m e n t  ar ,d i t s  ex c c ct i o r,  t i m e s , r ,ewever , it was decided not
to simulate el/cry stcns—n’/-step command (e.g. , se ed ing  ‘/‘;c t o rs )  trat a
c o n t r o l l e r  i ssues  to an aircraft but rather t h e  ov e ral l  set of ru l e s  t h a t
are being obeyed in g e ner a t : n g  these coromar,ds.

F i c ar o  3—2 is a g e n e r a l i z e d  f l o w  d i a g r a m  fcc  the  ~ DC’4. I t  illustrates
t h e  log ical r e l a t i on s h i p s  amor.g the main decision racecesses and f i l e s  that
c o ns t i t u t e  t h e  n ob e l .  The w e at h e r  ass umes a major  role in the model , as it
dc’s’s in n a t u r e .  The S t a t e  of the  w e a t h er  de t e rmines  d i r e c t l y  the level of
a i r  ac t i v i t y ,  es p e c i a l l y  among g e n e r a l  aviation users s nce the level of
general aviation ac t l - ’ i t y  u su a l l y  d e c l i n e s  d u r i n g  a c t u a l  i n s t r u m e n t  condi-
tions. It also d e t e r m i n es  in l a rge  r~a r t  the  r inw ay in use , which has an
impact on the kinds of approaches , which, interacting with the weather ,
determine the l anding minima . For these  reason-; , Figur e 3—2 shows weather
generation as the first , or driving , model element.

The second program element is aircraft generation . This consists of
determining, by rand’sm processes , as a function of weather conditions (IFR
or VFR) and t i m e  of day, the t ime of nex t a r r ivi ng a i r c r a f t , type of
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un i t , the f iv e  sues t i ons  t h a t  m u s t  be answered  b’j tower and a i r  control
personnel  in real l i f e  and by the xnodel~

What is the r~r e f e rr ed  landing or t akeo f f  r u n w a y ,  t a k in g  in to
account wind speed and d i r e c t i o n  and o ther  pr i o r i t i e s, such as noise
abatement?

If t he re  are one or more ins t rur r e r . t  a r ,ncroac hes  f r  the  p re fe r red
runway , is there at least one i n s t r u m e n t  anp r o a c h  f o r  w h i c h  all fac i l ities
required for landing are “up ”?

Is the weather such that , for the r~referred runway, it is above
minima for at least one of the available apr-roaches f-ar the preferred
runway?

Having a runway and usable instruiner,t a-encroach , how should the
aircraft be rne’ied to the rur;wac’ ar,d r,ron,er separation established in t he
final approach?

For aircraft taking off from Logan , how should proper separation
he established between landing aircraft ar.d other aircraft taking off?

There are , of course , many variations a-nd details related to how
these questions are -]salt with ar.d to other necessary program tasks . These
are discussed in Section 3.3.3. The remaining model elements shown in
Figure 3—2 correspond to input data- files required to exercise the model
a-nd record the accumulation of delay statistics.

Although the model was developed to assess the impact of changing
facility availabili ties on user delays , it was recognized during model
development that it would provide the ability to evaluate a number of
add it ional issues as w e l l .  Therefore , the capabil it ies d iscussed in
the following paragraphs should be kep t in mind when the features of the
model a-re being assessed.

The ’UDCM can be used to analyze the differential delays induced not
Only by facility outage but also by the effect of aircraft schedule and
wea ther var ia tions , as well as by a host of other related factors. For
example , at Logan there  is no ILS on runway 27 .  A typical  question might
be “Wh at  would be t:- e de l ay  impact of equipping runway 27 with an ILS?”
All that  is required to answer this question , using the present model , is
to insert a set of ILS minima for a straight-in approach on 27 in the
minima table.  I t is easy to ex tend this  arg umen t to “What would be the
effect of replacing the ILS on runway 4R with a Category III ILS or the
Micrc....’ave Landing System?” Here , too, a l l  that  is required is a simple
change in the minima table.

Many other ques tions and issues may be addressed . In fact , anything
tha t a f f e c ts spacing in f i n a l  approach , number of a i r c r a f t a controller
can handle simultaneously , or minima can be examined by simple input—data
changes. It is emphasized , however , that the model cannot determine what
these data changes will be; this must be done by analysis external to the
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model. This being the case , the model could answer the- -juestion “What
would be the benefit (as measured by aircraft delay reductions) of
increasing the number of aircraft per controller from 10 to 20?” , without
regard for how it was to be done. I f  the savings were appreciable , this
could be taken as justification to examine the feasibility of attempting
to achieve this increased controller capacity.

The model can also serve as an aid in airport design and layout , such
as runway ori en tation. In th is us , in particular , accurate weather data
are required for the weather module; but with such data , it would be
possible to decide whether  a runway a r ray  of (- 1 , 2 2 ) ,  ( 15 , 3 3 ) ,  (9 , 2 7 ) ,  for
example , is bet ter  than (5 , 2 3 ) ,  ( 17 , 35) , (11 , 22) , where the numbers in
paren theses  are runway d i rec t ions  in tens of degrees , magnetic.

The model is not all—encompassing, but enlarging the basic logic makes
many new options possible at little cost in terms of incremental analysis
and addit ional modeli ng .

3.3.1 Weather Generation

Figure 3—3 is a flow diagram of the  weather module , in which it is
seen tha t  separate weather data tables are used in the model for ni ght and
day. The model checks the time a-nd then by random processes determines ,
in order , the wind direction , wind speed , ceiling , and vis ibi l ity . The
following assumptions were used in formulating this module:

Weather phenomena are associated with the presence and movement of
pressure Systems. Wind direction i i i ) v e lo r- it’,’ are a d i r e c t  consequence of
these movements and are correl,t -d with one , i r o t h e ’ r .

Cloud cover and he ight are , throuqh the movement of pressure
systems , correlated with wind dir - otion arc’) velocity.

Visibility is correlated with wind direction and ce i l ing  he igh t .

There is a tendency to perSiste nce in weather conditions .

These assumptions , while certainl y not an exhaustive set, a-re deemed
essential to a realistic model , or simulation , of weather phenomena (wind
direction , veloci ty , ceiling, and visibil ity) in any locale. Fortunately,
a good data base is available from Boston upon which a simulation of
these phenomena can be base&*

‘A statistica l sumary prepared by the National Climatic Center , Asheville ,
North Carolina , “‘~ se’ial Ceiling-visibility Wind Tabulation ” , was used
for Boston . The period of observation was from January 1970 through
December 1974. Observations were made for daytime hours at 1000, 1300 ,
1600, and 1900 Local Standard Time (LST), and for nighttime hours at
2200 , 0100 , 0400 , and 0700 1ST. The data are published in two separate
sets of tables (night and day) , each wi th 7304 observations.
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The availab
le data , samP l’s~ 

of which 
are presented 

in 
A.

consiSt of the f~~~quen~~~es of 
occurrence of 

wind directiofl 
on a 16_po~~~t

co~Pass 
with associated 

f~~ quencies 
of wind vel0citY~ 

grouped as foll0w~~

i to 4. ~ ~~ ~, 10 to 14, ~
5 to 29, and 

30+ knots , as wel1 
as conditions

of calm. 
For each 

wind 
~~~~~~~~~~~~~~~~ Y 

combimati0n~ 
frequencies of

occurrenc e of ~ei11nqs 
are provid~~~

. ~~jlings 
are group’sd 

as follows :

l000*~ 
600 to 900 ,  500 , 4 r , 300 , 2 ( 0 . and 100 fe et .  Vt S tbj lj t i e S  are

qr0UP~~ 
as fo llow s : 0 tO i/ 4 .  5/16 to 

1/2 ,  5/8 tO 
7~~8, 1, i—) ! 4  to 1-1/2,

a-nd 3+ nautic~~ 
utile5-

These frequencies 
ar’ 1,r ented as 

conditional 
probabi~~

t
~~

5 thus they

allow the 
calculatbon~ 

bY ~~~0d0mi~~~m~ ~ n the uni t in ter~~ 1’ 
of a par

ticular

wind direction; 
and , ~riven 

the wind 
directLOfl~ 

a w ind speed ; and , given the

wind direction 
and speed s a 0eilimg 

and , given 
the wind 

directiofl and

~ visib~~~~~~ 
The data are 

presented to 
the computer 

~hr00gh inpu t

matrices.

A related 
isS’te is when 

and how to 
si0ulate changeS ~

n the prevai~~
m~

weather. ~~o 
studies, a-IS0 performed bY the 

Nati00~~ 
Cli~~ t~~ 

Center.

guggested a basis for  such simulatbom * Under the assumption that wind

direction and 
speed dete~~

mme . in part at 
least , ~5j1img 

and visibUitY~

the data 
provide a ba5~~~ 

for a-~ swe~~~ 9 
the question 

of when to 
varY the

weather . The wind 
persistence 

data fit an 
exp~,nemtL~~ 

decay curve 
fairly

well with a 
Mean Time 

Between ~hanqes 
(MTBC) of about 

3 hoUrs. 
The

weather module ’ 
therefore. d

efines an expon 
t ia llY dis

tributed random

variab~~ 
,5aIled Time to ~

hanqe the 
Weather. its dens~~Y 

function is

~ 
_ t/MTBC

f(t) =~~~~~~
a- . 

(3-1)

A nominal 
valUe of 3 

hourS for MTEC 
has been 

selected on the 
basis of

these studies.

The queStiOO 
of how much 

to allow the 
weather to vary , once the 

time

has been decided , is not so 
obvious a-nd 

bears some 
discus~~°~ 

In general.

excePt when ~
hUfld~~5

t0rms or 5tronq 
fronts pass 

a stati0fl. 
the variation

in wind and 
weather is 

gradual and 
highlY correlated 

with past 
history .

~or 
exa~P

1
~~’ 

an abruPt ~
haflge from VFR 

to zero_zero 
would be rare. 

A

comP lete
~~ 

realistic model 
would caPtU~~ 

this hiSto 
ci tY. however, 

the

creation of 
such a model 

is not 
nece5sa~~ 

What is needed 
instead is

a model that 
in the long 

run produces 
stat~~~ 

a-i similarity 
to the

pheflome~~ 
of interes t. This has been don e by mere ly ~~1OWimg 

the weather

to ~haflge 
randomly at the 

time selected
, j,e., 

~a-~dOmizim~ 
on the exp

nem

tial Time to ~hanqe variable . As an added 
ref inement . 

the model 
allOWS for

*The studies are .~Seas0flal and Annual persistence of Surface  ~ i~ d Directiofl

b~ 
Wind speed” at ~ jflqhamtom . ~~~ 

York . for the period JanuarY 1960 to

December 1964, 
wIth 24 

observationS per 
day ; and ..DUratiom 

of High 
Surface

WInd speeds
” at 0scoda , Mich igan AFB, for the period 

november 1950 
to

1970.
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small short-term variations . The model assume s that ceiling and visibility
will vary uniformly about the basic “long term” values determined above .
These “short term” variations are induced at times that are also exponen-
tially distributed but with a nominal mean of 15 minutes. This is in
conformance with observed short—term weather fluctuations and allows the
model to simulate the condi tions under ly ing a pilot’s decision to wai t for
a short—term weather change if conditions are marginally below minima.

3.3.2 Aircraft Generation Module

The objective of the a i rcraf t generation module is to create a i rcraf t
to be routed through the Boston TCA in the exercise of the model. Figure
3-4 displays the module logic.

Each aircraft will be defined in terms of the following set of
descr ip tors :

1. Time of creation

2. Destination

3. Type

Air carrier

Air taxi

General aviation

Military

4. Orig in
5. Aircraft characteristics

Weight

Landing approach category

Landing speed .

Sections 3.3.2.1 through 3.3.2.5 are discussions of how the model
generates these aircraf t  descriptors.

3 . 3 . 2 . 1  Time of Next Aircraft Generation

Aircraft are assumed to appear in the model as a Poisson process.
Within any given hour , e . g . ,  from 001 to 0100, 0101 to 0200. . 2301-2400,
the arrival rate is considered constant , although the arrival rate for
one hourly period will generally be different from that of another.

Arrival rates can also be expected to vary as a function of weather
conditions . For example , since most general aviation activity decreases
in IFR conditions , the arrival rate during any particular hour should be
lower than for the same time of day under VFR conditions.

3—1 1
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The model , therefore, determines the time of generation of the next
aircraft in the following way. First , the weather condition , whether
IFR or VFR , is noted. This directs the pregram to the appropriate table
containing arrival rates as a function of time of day. Entering this
table with the time of day yields the number of aircraft expected to be
generated du r in g the curren t hour .

If ‘jk is the arrival rate during the jth hour , where j=l corresponds
time 0001—0100, j=2 corresponds to 0101-0200 on up to j=24, a-nd k~0 implies
IFR and k=l implies VFR , then the elapsed time to the appearance of the
next aircraft is given by th’ exp r scion ,

= ~- n ( U )  , (3—2)
jk

where U is a random number u n i f o r m l y  d i s t r i b u t e d  on the un i t  i n t e rva l  (0 , 1) .

It was not the responsibility of ARINC Research to accumulate data to
exercise the model.  Even so , in order to demonstra te the model , arrival-
rate data in some form had to be available to the program. Chapter Four
of this report contains a- discussion of the  impor tance  of ai r c r a f t  a r r iva l
rates on model performance and accuracy. Ap~ce ni rJix A contains a- descrip-
tion of how the arr ival  ra te data used in the model demonstra tion were
actual ly obtained . These re fe rences w ill make clear how impor tant accu rate
a r r iva l  ra te da ta a re , and how hard they are to obtain. It is thus
important that , before the model is exercised for analysis , a good arrival-
rate data base be developed . It is suggested that arrival—rate data be
gathered for each destination airport in the area to be modeled , the Boston
TCA in this ca-se, and that the rates be observed and recorded as a function
of time of day and by wea ther condi tion . Ideal ly, two matrices should be
developed , one for IFR condition and one for VFR condition . Each matrix
would have n rows , where n is the n umber of destitation airports ; a-nd 24
columns , one for each ho ur of the day.  Thus would be the arrival rate
into the ith airport during the jth hour , under weather condition k (IFR or
VFR). With these rates at hand , the overal l  ar r ival ra te , re fe r red  to above
as 

~jk’ 
could be found by -; ‘ rnuoing A ijk over i , thus

A~~k ~i j k . (3— 3)

3 . 3 . 2 . 2  A i r c r a f t  Des t ina t ion

After an aircraft has been generated , it is necessary to determine
the destination to which the aircraft will be assigned . The probability ,
P~ , that the aircraft will go to airport i is given by

pi A .k 
(3 4)

where is defined by Equation (3-3).
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As each aircraft is generated , ~i simulated random process using tf,- - proba-
b i l ities fl 1 is employed to assign a destination to each aircraft. This
method assures that aircraft will not be created with destination airports
that are shut down because of time of day , sin ce , for times of d~y when an
airport is closed , ‘jk 0 As in Section 3.3.2 .1 , all the data for this
calculation were not available. Appendix A provides details on how destina-
tion data for mode l demonstration were ~cr’cvided.

3.3.2.3 Aircraft ~~pe

A d e s t i n a t i o n  havin ’j  been as signed , the next requirement is to identify
the aircraft by type , i.e., air carrier , air taxi , general aviation , or
military. The levels of operations at the primary and secondary airports
in the Boston TCA can be determined and used in assigning aircraft types.
Some of the requisite information has been published . It appears in FAA
A r  Traffic Activity, Calenda r Year 1975. This documen t, -Llated March 1976 ,
was publ ished by the FAA Office of Management Systems . Table 14 of this
analysis, fo r example , identifies the number of instrument approaches
handled by FAA—ope r~ ted approach control facilities , RAPCONs , and RATCCs --
spec i f i ca l ly  by the Bos ton , Otis AFB , and Worcester primary airports and
their associated secondary airports. In order to illustrate the method ,
this table is reprouuced here , in part , as Table 3—1 .

Table 3- ,- ’ . OUNBER OF INSTRUMEI-I T APPR OACHE S B’! DESTINATION AND
USER Ci,AS~ FOR 1’j7~

- Airport Air Air General - -Airpor t - - - - Mili tary
Totals Carrier Taxi Aviation

Pr imary  A irpor t
(Boston Logan ) 26142 20450 3012 2587 93

Secondary Airports

Bedford 2902 87 235 2425 155
Beverly Municipal 548 0 1 446 101
Fi t chburg  38 0 0 38 0
Fort Devens 26 0 0 1 25
Lawrence 200 0 38 162 0
Mansfield 12 0 0 12 0
Marshfield 19 0 0 19 0
Newburyport 1 0 0 1 0
Norwood 1275 2 12 1094 167
Pl ymouth 15 0 0 15 0
South Weymouth 69 0 0 12 57
Taunton 19 0 0 19 0
Tewkesbu ry 17 0 4 13 0

Area TotaL; 31283 20530 3302 6844 598
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If it is assumed that an aircraft ’s destination is Logan and that IFR
conditions prevail , the probability that an aircraft is an air carrier is
obtained by dividing the number of ai r car riers going to Logan by the total
number of aircraft going to Logan . From the data in the table, it can be
seen that

P[ACIL] = = 0.78227 , (3—5)

where

P[ACIL] = probability that aircraft is an air carrier , given that it
is going to Logan .

This procedure is repeated for all airports to obtain the probabilities
associated with each aircraft type. These probabilities are accumulated ,
and a decision is made to assign the type of aircraft on the basis of a
random number.

3.3 . 2 . 4  Aircraf t Ori gin

Aircraft proceeding to secondary airports are assumed to appear at the
airport ready to land. The only question is whether or not they can , de-
pending on facility status and weather conditions . On the other hand , air-
craft destined for Logan appear at one of the five holding fixes that serve
Logan — -  Manjo, Mill is, Bricigewater , Skipper , or Lawrence. For purposes of
the model conftguration , these holding fixes are the origin of aircraft
bound for Logan. These assignments are based on a frequency distribution
characteristic of origins of flights feeding through L”ese points -_  30
percent to Millis and Manjo, 25 percent to Bridgewater , ~ percent to Skipper ,
and 10 percent to Lawrence.

3. 3 . 2 . 5  A i rcraf t Wei ght, Category, and Speed

Wi th knowledge of the type of aircraft, three other pieces of informa-
tion are required : the weight class , the aircraft approach category , and
speed . The weight class is required to determine separation criteria in
the final approach. The approach category is required to determine landing
minima.

A small a i r c r a f t, designated S, is an a i r c r a f t  whose maximum cert i f ied
takeoff weight is 12 ,500 pounds or less. A large aircraft , L, weighs more
than 12 ,500 pounds and no more than 300,000 pounds. A hi avy aircraft , H,
weighs more than 300,000 pounds.*

*Aircraft weight classes are defined in Chapter 1 of the manual Air Traffic
Control , 7110.65, 1 January 1976 , DOT, FAA , Ai r Traffic Service.
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Approach category definitions * ire tabu ldt ’-l ar -; follows :

A. Landing approach speed less than 91 knots , landing weigh t less
than 30,001 pounds

B. Landing approach speed 91 knots or more but less than 132 knots ;
landing weight 30,001 pounds or more but  less than 60 , 001 pounds

C. Landing approach speed 121 knots or more but less than 141 knots;
landing weight 60,001 pounds or more but less than 150,001 pounds

D. Landing approach s~~c’er1 141 knots or more but less than 166 knots ;
landing weight 150,001 pounds or more .

Category E aircraft , those aircraft with landing approach speeds
greater than 166 knots , are not considered .

Both weight class and approach category arc- treated as a function of
aircraft type . The model assigns aircraft weight class and approach cate-
gory through two separate random processes. Although there could theoret-
ically be a high correlation between these two factors , the actual mix of
aircraft is such that there is little need to correlate the weight class
and approach category selection. For example , all genera l aviation aircraft
in the available Logan data base were both small and approach category A.
The only problem concerned commercial aircraft , wherein some heavy aircraft
could be erroneously assigned to approach ca teqory C. However , a model
refinement in this one area did net seem to be warranted .

With weight and approach category decided , an approach speed is al l
tha t remains  to be assigned. The speed is selected on th e basis of a
uniform speed distribution applicable to the various approach categories :

Distribution
Category S~ieed (knotu) Range (Knots)

A 71-90 20

B 91—120 30

C 121—140 20

D 141—165 25

The model also simulates aircraft departures , bu t on ly  those from
Logan . It is assumed that the same numbers of aircraft~ by type , weigh t,
and approach category , land drid take eff , although not necessarily on the
same schedule. Determination of departure time is accomplished by
assigning each aircraft landing at Logan a takeoff tim e ’ equal to its landing
time plus a nominal layover time plus or minus a uniform random variable.
Dep~irtinq aircraft a ) l e d r  at the h e a l  of a departing runway , queueing on
i. first— in/first -oit basis.

*Landing approarh cat .’qorie- ar ’ defined in Instrument Approach Procedures
(charts), published by the National Ocean Survey.
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3.3.3 Aircraft Control Module

3.3.3.1 Air Traffic Control

Figure 3— 5 dep ictn the air traffic control irodi l ’

A s d escri~,ed previousi-,, when an aircraft bound for Logan is generated ,
it is assigned to or” of tie five inbound holding fixes , wherc it is held
un til it can be accr’~ ted by a controller frir vectors to an approach. A
central assumption of this model is that three factors primarily affect
delays :

The ’ n umber of aircr,ift a controller can handle at one time

The longitud inal , or trail , ce :dratic-rl of -d r - r a f t  in final approach

Whether Or not an approach can be made .

The number of aircraft per controller is determined by:

A controll ers innate capability and training

Accuracy and information rate of the radar .

Interviews with personnel in Boston TRACON showed that while the
capabilities of controllers varied considerably, an average controller ,
working with the ASR, ARTS-Ill , and SECRA all operable , could handle ten
aircraft between the holding fixes and the point where the aircraft are
handed over to the tower control . These same interviews revealed that as
the several radars became inoperable (the Winthrop ARSR is included because
its raw video can be displayed ic the TRACON)  , the number of aircraft per
controller dim ini ’;h ’-el . Th~- l,e ,t co l umn ir T~ ble 3-2 displays nominal numbers
of aircraft per controller , as a function of the radar facility environment.
To i l l ust r ate , s’ipço~ ’ the ASR is down , the SECRA is up, the ARTS—Il l is down ,
and the Winthrop ARSR is down. The SECRA (beacon radar) is the only radar
information available , and the number of aircraft per controller is reduced
from a nominal , or average , value of ten to eight.

The manner in which the maximum number of aircraft per controller
(MAPC) affects delay is readily seen. Assume that a controller is moving
aircraft from a holding fix to a runway and that the runway acceptance
rate is unlimited, If the distance from the fix to the runway is D and
the air raft speeds are S, define MAPC as the maximum number of aircraft
per controller and NAPH is the ’ number of aircraft moved per hour. If the
aircraft the controller handles are assumed equally distant from one
another , t,h n  this distance is D/MAPC. If the aircraft speed is divided
by this quantity , the number of aircraft per hour that the controller can
move to the runway, ‘:APH, is given; that is,

PH - _____ (MAPC) (S) 
(3 6)NA D/MAPC 0
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For given values of S and D, the rate of removing aircraft from the
hold ing fixes is a linear function of MARC . If a controller is receiving
aircraft from more than one holding fix , then the rate at which he can
remove aircraft from any one of these (assuming they are eciuidistant from
the runway ) is NAPH/N , where N is the number of holding fixes . If this
rate is less than the rate at which aircraft are arriving at these fixes ,
then queues or stacks will develop. The longer the queues , the greater will
be the delay. If the runway acceptance rate if finite and if NAP H is
greater than the runway acceptance rate , then , of course , the runway
acceptance rate becomes the limiting factor .

The runway acceptance rate is controlled primarily by:

Trail separation in final approach

Runway clearance rate .

Trail separation in fin - il approach , the only one of these two factors
allowed to vary in the model , is controlled by several factors , among whi ch
are:

Accuracy of n4.vigation

Precision and information rate of the radar

Separation required for wake—vortex avoidance

Runway clearance time .

Table 3-2 is also used by the model to determine separation. A nominal
separation is given in column I as a function of radar status . If all
radars are up , a nominal separation of 3 nautical miles is provided. Other
radar outage combinations give different nominal separations up to a maximum
of 5 nautical miles. In the event that all radars are down , rada r vectors
cannot be provided and the model acts as if any approach to Logan must be
made on the Boston VORTAC . In this event , a nomina l sel-aration of 12 miles
is called for. This is an approximation ; it is understood that the actual
separation in this case would be achieved by not clearing a following air-
craf t f rom a holding f ix  unt il the one ahead repor ts at some prescr ibed
fix. The distance between the two aircraft would therefore be a variable
dependen t on the holding f ix involved and the part icula r runway in use.
The 12—nautical—mile separation is thought , however , to be an adequa te
approximation.

Columns II through VI of Table 3-2 are incremental separations that
are added to the nominal separation determined by column I to provide wake—
turbulence avoidance. For example , in the top row , with all radar equip-
ment up, column IV represents a small aircraft following a heavy , and an
additional 3—nautical-mile separation is provided , giv~ c’g a total separa-
tion of 6 nautical miles.
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The model utilizes the separation-table data to establish the landing
sequence. How this sequencing is established is a key aspect of the model,
as will be shown in Section 3 .3 .3 .2 .  As mentioned earlier , in the descrip—
tion of the a ircraf t  generation module , aircraft bound for Logan are placed
at one of the five peripheral holding fixes for the purpose of determining
the distance from the fix to Logan. It is not necessary , however , to
establish five different queues in the model in order to simulate their
handling . A single , first-in/first—out (FIFO) queue suffices. This reflects
the fact that the two approach controllers are in communication with one
another and coordinate their activity so that all aircraft handed off  to
them are allowed to proceed in approximately their order of appearance.

3.3.3.2 Runway Selection and Landing Sequencing

Before a simulated aircraft is released from the queue that represents
the holding fixes, the following steps are taken :

A runway is assigned , taking into account wind speed and direction ,
types of approach ava ilable , weather condi tions , and facilities status .

When a runway is found , the distance to that runway from the as-
signed holding point is found in the distance table and , by use of the
aircraft speed , a time of flight is calculated .

By summing the time of f l ight and present time , an ETA is found.
This ETA is used to determine where the aircraft is placed in the landing
sequence.

Runway selection is based on the current wind direction and speed
coupled with a priority system. It also takes into account the status
of facilities that define the several approaches available , the ceiling
and visibili ty conditions , and landing minima. At Logan , the following
landing runway priority system is used :

Priority Night

1 4R/L 33L

2 27—22L 4R

3 33R/L 22L

4 l5R/ L

The model first makes a tentative runway selection by taking into
account this priority system and wind constraints. It then determines
whet~ier or not a landing can actually be made on this runway under
prevailing weather conditions and approach availability .
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If the wind is 5 knot’~ or less , it is assumed t h a t  t he  wind is calm ,
as is done at Logan. In this case the- highest—priority runway is noted and
a check is made , approach by approach , to determine if the facilities neces-
sary for that approach are in an up status. As available approaches are
found for the runway under consideration , the minima corresponding to each
approach are examined. If the minima ire lower than the prevailing ceiling
and visibility conditions for that particular runway-approach combination ,
a viable approach exists  and it is assumed that a landing can be made. If
the first approach is not viable , the second is c hecked , and this cycle is
continued until a viable appro,ich is found or i l l  approaches for that runway
are exhausted . In this case , the next—lower- priority runway is examined .
If no viable approach on any runway can be f o u n d , t h e  aircraft is delayed
at the holding fix until either a viable approach becomes available or 30
minutes have elapsed , at which time the aircraft is presumed to divert to
its alternate.

If the wind is greater than 5 knots and is 15 knots or less , the
highest—priority runway having the wind dir,- etion within ‘480 of its direction
is selected and tested for the availability of a viable approach. If no
viable approach exists on this runway , the (e xt-highest-priority runway is
examined , etc. , until either a viable approach is found or the aircraft is
forced to wait for a weather or facility status change to take place , as
above.

When the wind is greater than 15 knots , the runway priority is not
considered . The model cycles through each runway , searching for a viable
approach , if one or more runways are found having a viable approach , the
runway closest to the wi nd is chosen , regardless of wind direction and
speed. Of course , if no viable approaches are available , the aircraft , as
before , stays at the holding f i x .

All of these checks are made before the aircraft is released from the
h3lding fix. When a runway and approach have been found , a distance table
is entered . This fable contains the distances in nautical miles from all
five holding fixes to all the runways at Logan. The data were taken by
direct measurement from the Boston (Logan International), Mass., ASR-7
60-nautical—mile video map prepared by the National Ocean Survey , revised
4 February 1976. The routes were laid out in conformity with the Boston
Tower Standard Operating Procedures, dated 15 March 1976, BOS TWR 7110. 35.
It is understood that these routes vary in length from approach to approach ,
but the tabulated distances are h”lieved to be r epre~-;i’ntative .

When the distance is found , a time of fli gh t is calculated . In calcu-
la ting the time of f l i g h t, the model increases the l anding speed by some
factor greater than 1; e .g. , in the delivered version of the UDCM , t ime of
flight is set equal to the distance divided by the land ing speed doubled .
This t ime of f l ight  i s added to th e p r esen t time to obtain an ETA.

Assuming that there are aircraft ahead of the one being considered ,
there is a landing schedule that contains the landing time , speed , and
wei ght class of the aircraft already en route to land. The ETA of the
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present aircraft is compared with those of the aircraft on the landing
schedule. When the aircraft just ahead (the lead aircraft , with a landing
time just less than this ETA) is found , the required separation between
the two aircraft is looked up (see Table 3-2) and a calculation is made,
using the two aircraft ’s speeds , to determine if the ETA will allow proper
separation. If it does , then a similar calculation is made for the next ,
or tra i l , air cr a f t  on the landing schedule. If separation is assured , the
ETA is assigned as the landing time end the aircraft is released from the
holding f i x .  Once an aircraf t is released , it will be assumed to land
regardless of any subsequent changes in weather or facilities. If it does
not clear the lead aircraf t, a delay is calculated to assure separation ,
and a check is made on the trailing aircraft, using the ETA plus the cal-
culated delay. If separation is assured , the landing time is the ETA plus
this delay. If separation for the trail aircraft is not assured , it is
then treated as the lead aircraft and the cycle is continued until a landing
time is found. The d i f f e rence  between the land ing time and the ETA is the
delay time due to spacing.  When a delay is necessary , the aircra f t  is not
automatically released from the holding fix at the termination of the delay,
but the whole cycle is repeated to ensure that no weather or facility
changes have taken place and that the landing schedule has not changed .
If the originally determined conditions continue to prevail , the aircraf t
is released at the enc~ of its delay time and is assumed to land .

If a viable landing runway cannot be found , aircraft are held for up
to 30 minutes , during which time the wea ther nay change or f ac i l i ties may
be restored to service, which will allow landings to be made . If no landing
is possible within 30 minutes , the aircraft is scrubbed , as if it were going
to an alternate airport. Aircraft bound for secondary airports that cannot
land are either scrubbed , as if they are going to another secondary airport,
or they are diverted to Logan. An aribtrary proportion , one-half in the
present mode l , are assigned to Logan. For those which are diverted to Logan,

~. distance table is entered to enable calculation of a time of flight.
They are ~)ut on the landing schedule in the usual way, with one exception :
they are assigned a higher priority than other inbound aircraft. This has
the effect of putting them ahead of aircraft waiting to be released from
the holding fixes .

At Logan , several different situations are encountered in the assign-
ment of runways for takeoff and landing. These assignments are based on
wind conditions and states of the weather. For example , if the wind is
tess than 15 knots and the weather is VFR, landings are permitted on certain
runways intersecting the primary , or preferred , runway . Under these
conditions the model sets up another landing schedule to which it assigns
small a i rcraf t, and the assumption is made that they land on schedule , with
separation at the intersection being maintained by the tower. It is also
assumed that when the wind is less than 15 knots , landings and takeoffs
are scheduled on different runways and coll ision is avoided on the landing
and takeoff  runway in tersect ions by tower act ion . On the other han d , when
the wind is greater than 15 knots , landing and takeoffs will be taking place
only on the primary runway, and all landings occur on the primary runway .
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I f  the land ing  and t a k e o f f  runways  are  different , -ic-parting aircraft
will be allowed to depart as soon as the first landing aircraft lands ,
unless the first landing aircraft is two miles or more out in final approach.
In this case , the departing aircraft will be allowed to take off ahe~vi of it ,
given proper separation from any aircraft taking off. In a nonradar
(VORTAC o n ly )  e n v i r o n m e n t , t h r e e — m in u t e  s - ~~ar - i t i o n  w i l l  be s i m u l a t e d .

I f  l and ings  and t a k e o f f s  a r e  oc c u r r i n g  on the  same runway , when the wind
speed is greater than f i f te ri knots , th model w i l l  s i m u l a t e  a on e - — m i n u t e
r o l l — o u t  and runway c l ea ran ce t ime  fo r  l and ing  a i r c ra f t ;  i. , depar tu res
wi l l  be pe rmi t t ed  one m i n u t e  a f t e r  p r io r  l a nd i n g  i f  t~~~- c, -x t landing aircraft
is two or more mi les  out at runway c learance-  t i mt - . A i r c r a f t  t a k i n g  o f f
ar e assumed to be handed o f f  to ARTCC imm edia te ly . Takeof f  is not permit ted
i f  the ce i l ing  is less than  375 fe e t and v i s i b i l i t y  is lc’ss than  1 m i l e .

When three  or more a i r c r a f t  ar e  in the t a k eo f f  -3u eu e , a i r c r a f t  coming
off the holding fix will go to five—m il e- s separation or more in final.

3 . 4  DATA REQUIRE D TO EXERCISE THE MODEL

A key element in any s imu la t ion  model is th e  u d u t data  base.  The
input  data  must  be complete en o u g h  to r e f l e t t h e  e lem e n t s  be ing  s imu la t ed ,
and they must  be accura te  i f  th e -  model is to have p r e d i c t i v e  va lue . This
section w i l l  i d e n t i f y  the n a t u r e  of th e  da ta  n e ces ’ ;ary  to exercise the UDCM.
App’- - n d i x  1, di sccss~- - - 

~nd - x~ - L a 1 r e c  da t a  e r  - j r  - i t -c  - 1 - - t o l l , as well as
the  methods used to col le -et  i t  and prepare  i t  for  program i n p u t .  The p rogram
docum enta t ion , publ ished sd , r . t - 1’ , d i sp l a y s  a l l  of the  i n p u t  data matrices
wi th s p e c i f i c  n um e r i c a l  v a l u e s  used — l u r i n g  model d e m o n s t r a t i o n . The inpu t
data required by the model fall into the following cate gories :

W e a t h e r  da t a

Arrival rate as function of:

Weather , VFR or IFR

Des t i na t i on  .i ir p o r t

Time of day

D i s t r i b u t i o n  of a i r c r a f t  t ’ /pcs ( a i r  c a r r i e r , a i r  tax i , genera l
av ia t ion , military) as a function of weather (VFR, IFR) and destination

Distribution of weight class as a function of type

D i s t r i b u t i o n  of approach ca tegory  as a f u n c t i o n  of tyja .-

Turna round  t i me  as a f u n c t i o n  of t ’ii-e-

Distribution of h o l d i n g - f i x  a s s i g n m e n t , e.g., eercentage of Logan—
bound a i r c r a f t  coning in over each of the  f i ’ i - ho ld inq  f ixes

Dis t ances  f rom h o l d i n g  f i x e s  to the r r i r n a r -  a i r p o r t  under  r ada r  and
nonradar (VORTAC) environment , by runway
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Distances from secondary airports to the primary airport by primary
ai rpor t runway

Minima for each approach serving each runway , by approach ca tegory

Identi ty of al l  facilities necessary for each approach at each
ru nway

MTBF and MTT R of each facility for the Facility Status File

Trail separations required in landing as a fun ction of radar/VORTAC
outage and leading/following aircraft weight classes, and maximum number of
aircraft per controller as a function of radar outage

Airpo rt description data .

3.5 MODEL OUTPUTS

The program produces and prints out three kinds of data:

Output da ta of the run , i.e., delay data of various kinds

Program adminis trative data

Curren t values of program parameters.

The program adminis trative data and current values of program parameters
are technical in nature and their discussion is presented in the program
documenta tion , published separately. The run delay da ta are defined in this
section and are discussed at greater length in Chapter Four , the descri ption
of the model demonstration.

Run delay outpu t are presented in the form of a computer—printed matrix ,
an annotated example of which is shown in Fi gure 3-6. This matrix gives
an overall synopsis of the model’ s ope ration . The four columns in this
matrix signif y air craft type . Column 1 represents air carriers , Column 2
air taxis, Column 3 general avia t ion , and Column 4 military aircraft. The
delay statistics are presented in the matrix by row :

Row 1 - Number of aircraft created at holding fixes and secondary
airports

Row 2 - Number of aircraft ori g inally schedul ed to the primary
airpor t through the holding f ixes

Row 3 — Number of iircraft diverted from secondary airport to primary
airpor t

Row 4 — Time of flight accumulated by secondary-airport aircraft
diverted to the pri mary airport

Row 5 — Number of aircraft landing at primary airport that experience
delay

Row 6 - Total delay of landing aircraft (delay = landing time -
(creation time + time of flight) )
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MATRIX HALFWORD SAVEVALUE D ELAY

COL . 1 2 3 4

ROW 1 515 64 160 12
2 514 56 87 8
3 0 0 21 4
4 0 0 462 83
5 356 33 60 4

>~~O 6 7419 801 1418 91
a ~ 7 4694 629 968 49

8 51 9 6 2
9 462 47 81 6
10 ~46 29 56 2
11 1252 80 153 2

‘-‘ ° - 12 39 2 4 0
13 461 44 

T 
81

Aircraft Type

1. Number of aircraft created at holding fixes and secondary airports
2. Number of aircraft originally scheduled to the primary airport throurth

the holding f ixes
3. Number of aircraft diverted from secondary airport to primary airport
4. Time of flight accumulated by secondary-airport aircraft diverted to the

primary airport
5. Number of aircraft landing at primary airport that experienced delay
6. Total delay of landing aircraft
7. Total delay accumulated , for both landing and diverting aircraft , due

to separation criteria
8. Number of a i rc ra f t  not able to land at primary airport and diverted
9. Number of aircraft that landed at primary airport
10. Number of aircraft that experienced takeoff delay at primary airport
11. Total takeoff delay time
12. Total takeoff delay time experienced by aircraft at head of takeoff

queue wait ing to achieve separation on a i rc ra f t taking o f f  ahead
13. Number of aircraft entering the takeoff queue

Fiqure 3-6 . OUT P UT DELAY MATRIX
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Row 7 - Total delay accumulated , for both landing and diverting aircraft,
due to separation criteria

Row 8 - Number of aircraft not able to land at primary airport and
diverted

Row 9 - Number of aircraft that l anded at primary airport

Row 10 - Number of aircraft that experienced takeoff delay at primary
airport

Row 11 - Total takeoff delay time (the sum of takeoff delay time for
aircraf t in row 10) -

Row 12 - Total takeoff delay time experienced by aircraft at head of
takeoff queue waiting to achieve separation on aircraft taking
o f f  ahead

Row 13 — Number of aircraft entering the takeoff queue.

These outputs may be called for whenever a user requires them (i.e.,
every time an aircraft lands , every time 100 aircraft land , every hour ,
every minu te , etc. ). When the outputs are prin ted periodically, they wi l l
be cumulative from the time of run commencement.

3.6 MODEL LIMITATIONS

The model has several limitations , some minor , some larger in scope .
The development effort was subject to constraints on time and money. The
model development began with an identifi—ation of the possible features
that could be included in the model. Then the time and budget constr a n n ts
were used in formulating the required model limitations and basic assump-
tions.  To il lustra te the sort of questions considered , the issue of
incorporating collision-avoidance logic in the route network was examined .
Conversations with TSC personnel and persons in the academic community
indicated that this would be a very extensive and unnecessary undertaking ;
it was therefore abandoned in favor of a simpler concept , namely ,  that “the
aircra ft will be assumed to be separated by the controller ” .

Another question was whether or not to simulate traffic through the
TCA , understood to be a very large burden on the air controller. It was
decided , however , that the first order of priority was what happened at
Logan and , more pa r t i cu l a r l y, what happened to aircraft landing at Logan .
This priority also dictated the decision to assume that aircraft taking
off from Logan are simply handed o f f  to the Boston Center , thus disappearing
from the model.

Secondary airport operations are dealt with in very simple fashion .
The major simplifications are:

Aircraft appear at the airport at time of creation , rather than at
the TCA boundary.
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Takeoffs are not simulated at all.

The effect of secondary traffic in the Boston , I-er on controller
capacity is neglected .

The reasons are as explained above. Events at Logan we-re considered
paramount , and time and money for model development were limited . All of
these elements can be added to the model incrementally.

The placement of aircraft in the landing schedule does not take into
account a systen of priorities based en aircraft speed and w e i g h t .  I t  is
recognized that in practice the controllers do take these factors into
account , but in a way that reflects the extreme complexity of the human
decision process. Ref inement  is possible in t h i s  area .

There is no provision in the model for  the e f f e c t  of de ter iora t ion
in the qual ity of voice radio communicat ions .  Q u a n t i f i c a t i o n  of this
phenomenon is the subject  of a more so~- 1’isticated and ex tensive form of
analysis , which has not been undertaker .

An important  meteorological phenomenon is the cloud deck betwe -n 1000
and 3000 fee t .  A descent through such a deck must be IFR , and an IFR
approach must be made to landing . The model does not recognize this ,
simply because data relating to the distribution of this condition were
not known. The impact of this limitation is that IFR approaches are made
less frequently by the model than in reality. Acquiring data for the weather
module was a major source of delay in model development. Given more complete
weather data , this limitation can be easily overcome.

The model is programmed in General Purpose Simulation System (GPSS)
language. The basic cycling interval for the UDCM is one minute. This
means that every clock GPSS pulse is interpreted as one minute of simulated
real time. The use of a one—minute clock implies an analytical error in
calculation because all calculations involving time are integer quantities .
For example , any calculation , such as a dis tance divided by a speed , wil l
truncate downward to the next lower integer so that , say , all times between
4.0 and 4.999 minutes will be interpreted as 4 minutes. Thus the same time
of f l ight would be obtained over a ran ge of di stances and/ or velocities .
Obviously, then , some error is built into the model. This could be reduced
by allowing one clock pulse to stand for 0.1 or O.~~l minute , ar any other
fr ,,ction of a minute. Such reduction would , however , inc rease the model ’s
core cons trai nts , a l r eady very ti ght , since in order to obtain runs of any
reasonable simulated duration , the halfword savevalues and matrices would
have to be increased to fullword values.

In summary , it is believed that the limitations noted are important but
that the model does handle the first—order effects and t ha t , given the
modular construction and centra l logic , second-order effects can easily be
incorporated later.
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CHAPTER POUR

UDCM DEMUR. ‘I RAT ION

The purpose of demonstrating the UDCM was to assure that it functions
correctly and that it is sensitive to facility outage as well as to air-
craft schedule and weather.

The demonstration consisted of ten runs of the model , f i v e conduc ted
at the Transportation Systems Center by ARINC Research personnel during
the period 20 through 22 September 1976, and five conducted at ARINC
Research from 27 September through 22 October 1976. The runs at ARINC
Research were made by using a version of the model with the weather module
removed and the weather conditions preset in the program logic. Removal
of the weather module conserved computer core , expedited the runs , and
made it possiole to select a particular weather condition .

The demonstration of the model showed the following :

Strong model sensitivity to aircraft arrival rate

Strong sensitivity to facility outage , when the arr iva l ra te is
low enough not to mask the c - f  fect

Sensitivity to weather conditions.

In the following sections all model runs will be explained and analyzed .

4.1 RUN DESCRIPTIONS

Tables 4-1 and 4-2 describe the run scenarios. The primary difference
between the two sets of runs was the overall aircraft arrival rate . The
a r r iva l  ra te, 1887 per day in set 1 , was reduced in later demonstration
runs to investigate the effect of vary ing this  fac tor.

In both sets a baseline run was made with all radar facilities “up ” .
These are runs 1 and 6. V a r i a t ions o f f a c i l ity ou tages in the f i r s t  f ive
runs were made on the basis of suggestions by PSC personnel. In the
second set of five runs , it was decided to investigate the effects not
only of facility outage but of the other factors as well , i.e. , schedule
and weather.
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As a consequence of this additional variation , a more complete analysis
is possible. For example, runs I and 6 are identical, all radars up, except
that they differ in arrival rate. Similarly, runs 5 and 7 are identical ,
all radars down for 24 hours, except that they too differ in arrival rate.
Hence comparison of these four runs should provide evidence of model
sensitivity to arrival rate.

Run 9 is the same as run 8 except that the arrival rate is even lower.
The purpose of this run was to observe the effect of a very low arrival
rate.

Finally, run 10 was designed to test the runway-selection procedure in
the model. The wind was set at 18 knots from the north , and the ASR was
placed in a “down” condition. When the wind is greater than 15 knots, the
runway closest to the wind should be selected , provided a viable instrument
approach exists. If a viable instrument approach cannot be found , the
runway next closest to the wind with an instrument approach available
should be the one chosen. Runway 33 is closest to north. It has an PASR
approach with a 480-foot ceiling minimum . No other approach on runway 33
has a minimum less than the prevailing ceiling of 600 feet and 1.5-mile
visibility. The model should therefore select a runway next closest to
the wind with an approach available and with minima below prevailing
weather. The model did this, with runway 4 (ILS approach) being selected
on all landings of the run.

4.2 MEASURES OF DELA Y AND MEASURES OF EFFECTIVENESS

The delay measures were described in Section 3.5. For the convenience
of the reader , they are repeated in Table 4-3 with amplifying comments.
From these basic model outputs, several additional measures of effectiveness
can be defined that will be useful in run analysis.

Define:

Ml = line 8 line 2 = percent diverted from Logan. This measure
identifies the grossest form of interruption of service to the
using community.

M2 = line 8 x 30 = number of minutes lost by diverting aircraft.

M3 = M2 + line 6 total delay to aircraft that land and to those
which divert.

M4 = M3 line 2 minutes delay per aircraft originally scheduled to
land at primary airport

M5 line 7 (line 8 + line 5~ delay due to spacing per aircraft for
aircraft  which landed and those diverted. This measure is not
precise , since it does not divide total spacing delay by the
actual number of aircraft thus delayed (which is not recorded).
It does, however, show the average spacing delay of those air-
craft which were subject to it.
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Line 5 shows that a total of 682 aircraft landing at Logan experienced
delay from some cause , while  line 6 gives the sum of all these delays , in
minutes. As mentioned earlier , line 7 shows the total delay minutes
attributable to placing aircraft on the landing schedule , a s opposed , for
example , to delay resul ting from controller saturation , fac i l i ty  outage ,
or weather.

A total of 828 aircraft landed at Logan . Since 1620 were scheduled to
Logan, and 828 landed and 788 diverted , there is a de f i c i t  of 1620 - 828 -
788 — 4 aircraft unaccounted for. It can be concluded that these aircraft
were on the landing schedule when the model run ended.

O f the a i r c r a f t  which , af ter landing , took off from Logan , 485 experi-
enced some kind of delay, as shown in line 10. Just as line 6 shows the
total delay to aircraft that landed , l ine 11 displays the total delay in
ninutes to those taking off. Line 12 shows no delays to lead aircraft in
the takeoff queue awaiting separation on aircraft taking off ahead.

As noted ear l ier, the feature of the model that produces line 13 , the
number of a i r c r a f t  enter ing th e takeoff  queu e , was no t in the version of the
model exercised in runs 1 through 5. The entry NA means that this datum
is not applicable.

The da ta in Table 4— 6 are informative in themselves , and s imi l a r  data
are provided for all ten runs. Even so, the measures of e f fec t iveness
def ined  previously , and othersthat analysis may call for , are more easily
interpreted. Accordingly, Table 4—7 is provided in orde r to g ive better
insigh t into model operation.

The f i r st measure , Ml , the percentage of aircraft diverted from Logan .
is perhaps most revealing. A total of 48.64 percen t of the aircraft
scheduled for Logan could not land within 30 minutes and were assumed to
diver t. This effect is due simply to saturation . The princi pal cau ses
wer e acceptance ra te on the runway , due to trail Fieparation requirements ,
and limitations of controller capacity. The diverted aircraft , 788 , each
wai ted 30 minutes before diverting, for a total of 23 ,640 minutes .  This
is shown in M2 , column 5.

M 3 is the measure of tota l delay to landing aircraft , plus M2 , another
measure of delay, and is seen to be 47 ,933 minutes. If this is divided by
the total number of aircraft scheduled for Logan , an average delay of
almost 30 minutes is recorded as M4.

MS is a measure of density of the landing schedule because when there
are many ai rcraft in the landing schedule , there are fewer vacancies close
to the runway threshold. It will be noted that for general aviation and
m i li tary ai rc r a f t , this  measure tends to be small e r than for the other user
classes. The rLason is that when the weather is VFR and the wind is less
than 15 knots , small aircraf t land on a secondary runway. Thus the landing
sched ule tends to be less crowded . Since the arrival rates for these two
user classes are much lower than for the larger aircraft , there tend to be
fewer aircraft on the landing schedule , hence less individual delay in
enteri ng.
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The averaqi- l a n d i n g  rat ‘ - , M(~ , m i f  34 . ’i J a r  I c m i c i r  I t ;  i n r l i , - ,i t i v i -  of how
d o - m i -  t h m -  m o c k - I  i t - ’  15, ,,.it .sa r - i t i o n _ A t  3 4 1 , J i m - C  hou r , t h is  i t ;  r ’-t u ivaim-nt to
omn- aircr,ift C ’V ’’r ’ ,r fnI[IUt’- arid 4 C c ‘ ; , ‘ cor id’ ; .  I t  h a M  r i l r i ’ ei dy h i - m n r i ot e d  t h a t
in VFR w e a t i c m ’ r  w i t h  ,m wind l’’tc ; I ha rm I i  knott; , l,jnrh r a j I .  a r m -  taking place
$ irnu I t  an ’ ‘ c i u t .  l’~ on the ; ‘rita ry , m r c c t  - , tconda r-/ r u n w a ys  - T h us , r ‘ ( i r i S  id ’’r  t h a t
- i ll ci ’s - r ’ , o t h ’ -r  t h a n  r j ’ - ; c i - r a l  - i v i a f  [on l and  on t i c ’ -  p r i m a r y  r u n w a y ;  th i n

r n  V ., !  y i f  I - I5r; tI’j i -  ~-r ; ma ry n i l  w i ’,’ i s  ‘t I c .7  ~r m - r  h ou r , lir on c i - ISV ’ ’ ry 1.95
m i r i u t l - t .  - I f  an ave rage  apjr r ’a-i r - f c  d r ( ’ i ’ t - l  of 141) ~, ;io~ s is a t ;su n i t - r 3  , t I m e  average
t r a i l  ‘ .i - J air, it . [ ‘cli iS 4. ‘~1c m i l e s .  ( ‘ en s i d e rj  nq t h e  w a k e — v o r t e x  i n c r e m en t a l
add i t  I e o n ;  I ‘~ t hi - r iom i r ma l  b — m i  le s ep a r a t i o n , t I~, 4 .  ‘r1 c — m i  IC f i gur en  sh o u l d  b’
C i t - i ’ , ’ -  f r 1  tb ’  t I m i - r ’ .i r , ’t i c ~~1 m i n i m u m .  I t  i s  n o t m ’ d  t h a t  t h e  model r i o - - n ;  not t a k e
i n ) .’, ,iI: ,- r ill rmt the h i n t , th a t  in vj t ; c i , i l m.- on d i t i on m s , act ua l  a m ’ p a r a t c t i n t -; may be
A ss t h a n  n om i n a l  ‘i i i ’ .) that un’l,’r t h i - ’ ;m - conditions ‘s-rtain actions are’

ilable t r s t 3 m m -  pilot and t ’ cwm- r r s i r i t no l A m ’  r to n m - c h i c : ’  - w ak e— v o r t r - x  ‘ace-p ara —
f~ ( c T c S .  N m - i  t i c i ’ r dr.cr- n -. t h -  mo dm.- l  , i c ( - ( i c l r n t I ‘-dr r u n w a y  c l m - a r a n c i ., tc ’~ an aircraft
la ;c ’li rig abC ar] ‘i f  a l~ r i d i  r ;y al r ’ : ra f t  . I r m t i i ’ ’ ’’ V e n t  t f i a t  t h i s  were  ‘3 m - s i  red
in  t i c - -  m o d - - I , eri e ma n u t  - -  w o u l d  t i ,’ t i c ’ - m i n i m u m  r u n w a y ’ s - l I - a r a r c c - ’ - t i m e ’ ’  (11cc
l i m i t a t i o n  on ~; i ; -  c le rk j r  ~;m -(’t. io;c 3. 1, ) .  A C i r c r - — m j r c u t  - ‘ -  r u n w ay  s ir - a r a n c e
t i me w ou l d  riot I nt~ O Si ’  a l i mi t  on t 1 i -  r u r m w , s ’/ a c r - c - J t t a n c s i . r a t  ‘ - , , a t , ’ ; ci m ; 19 a
l 4 1 c — k n ~~) a verage  l a r m d i n y  spi l l] , u n l ’ - ,s t r a i l  S m ’ f c i r , i t  I on  m m  f i n - i l  w ’ - r ’ -
2 .  3 3 naut i’:,a 1 mi I I ’ ’ -; ’  I F  len -mn - ,.

The tc cj ri 3~~- r ( I f  m i n c a t - - ’ , ‘As Ia’,’ f i r an r e r a N  t - i ~’ [ - n t  of f , 1-17 , is 1.94
m i r i u t. m: ’~

I -  , 3 ’Vr t t : ’ - r  mm’ ,’m - m r  l i t  ‘I r - L m 7 ’ _ T I c -  f , ~ - t C h i t ’  i t  r - ‘ c r c 1 ’ , ’  s l i g ht i , ’
h i c j t c e r  t h an  M I  i lid i - a t i ’ ., t h a t  t-ikm c i  f ‘ l i i i ’,’ is  not -iS - sr momi’ ; a problem

i n  h i g h t r a f f i c -  r l I - r c n j t . ’/ ~~s t h a t  i ; s ’ , c a r c t s ’ r ’ - ’ i  by a j r -: r .it t -tts .-m~ t i nq to l a n d .
M /  a ls o  r e- f l i 7 - t. n, t h i s  f a r t when ct-i;rcp ,sr nd w i t h  M4.  A r c  r ) t i a - r  runs  w i t h  lower
t r a f f i c ;  dc . n s m  ty  ( s ’- ’  r u n s  1 -arid 10) , t~~k i - c m 1  3 c l m ’ I a y  is -i 1arg ~~r 3c e r - ’ ; ’ - r i tam ’ f ’ :
of t o t a l  r i m - l a y .

4 . 3 . 2 Run 2 (Tables  4 — 8  and 4—9)

Run 2 , w i t h  the  I,p’l’2; arid Sfs’A a JI ‘ I t - i W O  for  24 hours , ;fiowt, an increase in
thi .- numb c -m- of d i v e r t  ions.  T h i s  is  due- to the d ( ’ ( - r i .’ase in t h l -  numbers  of
a i  re r a f t  

~~
- ‘ F a ’ m , r c t r ( c l  h r  f r o m  10 to 6. As -i C S m I m S ( t ’ Ju e n c e , fewer  a i r c r a f t

p m -  r h o u r c c r - .- a s r ’ i ; ~~r t . m ‘ c i ;  t i c - r i s e  I ‘wer hi r e] . Table 4 — 3  shows t h m -  overall
l an din ’]  ra t ’-  r ’n ’ i n i c : e c i  f r o m  34.5 in r u n  1 to  23. d 2  aircraft l ien’ h o u r .  This
it ;  a lso r m : f h m - ’ t , m. - c i  i n f-i ’, , th i- a’/ i- r , .i ’p-  m l  n u t e t ,  r i m -  l ay  ‘l ue to s ep a r a t i o n .  T h i s
is; down from t-

~~72 m inut -s on run ~l t o  2. 3(, m i n U t e - ., on t h i s  run , indicating

t s~~t b I - r ; , l U t ; r -  f e w C ’ r  r a i l  ‘ r -m ft ar m -  l .i r i ’ iini ’ j, (mCI’ t i c ’ -  ~i r reraft in - , accepted by
t .tmm  ‘SUit r ’ c l i m ’ r , 1 5 c m -  l . m n r i i r m ’ J ’ f c h i - r I I -  is  l m - :;s n i - r u t ; , -  and tj m i ’  a i r c r a ft  can be
n equi m,- riseci j ; c t ’ r  i t  more ’~u i c k 1y .  ‘ : 1 1 1 -  d rci~- it ;  M7 , mi n u t e s  rl~ t i ay  r i _ n delayed
t a k , - r , f  f , ij r ’- r , i ft , r m - 1 , i t i v ’ - I, ’ run 1, r m - f l - - ’ t. - , the fact that since fewer
al r’traft arm- l a n d i n g , f m -w r ’ r  a r m  taking ‘ i f f ,  and le ss  r]m ;lay is encountered
w ’ , m  I h r , r t  f o r  s m - ~ ra r at , i n i ri  (In landing mm rr :ra ft
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The fact that fewer aircraft W I - r e  delayed relative to run 1, line 5
in Table 4 — 8 , can be m i s l e a d i n g  s ince  this f i g u re  r ef l ec t s  only delays to
aircraft that actually landed; M4, minutes delay pm -r aircraft scheduled to
Logan , includes both landing delays and diversions and would be a better
measure. Its decrease from 2 .1 .51) to 29.23 is not statistically significant.
It should alt-m o be noted that t ime at ;:-;iqnment of a 30—minute delay to a
divert -c ] aircraft is not an; adequati- measure of the ultimate delay and
eon -a t of diverting. The shir~ incrm ’as’ in the number of diverted aircraft ,
from 788 to 1040, should b’. considered the Jcrima ry measure in the comparison
of runs 1 and 2.

4. 3.3 Run 3 (Tables 4—10 and 4—il)

Run 3 was made with the principal TRA(’oN facilities out from 5 to 7
P.M., which were hours of heavy traffic. The results of this run do not
look significantly different from those of run 2. It can be sec-n that the
nurnben r of diversions did increase from 507 in run 2 to 597 , reflecting the
use of the- VORTAC approach during the busy hours.

4.3.4 Run 4__(Tables 4—12 and 4—13)

In run 4 the  API” and SECRA are down from 5 to 7 P.M. The effect was
to leave nominal trail sef’aramtion at 3 miles and decrease controller
Capacity from hi  tn., 8. considering that these restrictions were in effect
only for 2 hours , time ’ results would not be expected to differ from those
of run 1. No siqnificant differences are- noted.

4.3.5 Run 5 (Tables 4—14 and 4—15)

Run 5 is the “worst case ” for this series of runs. The number delayed
in landing is n- ;ism rply down , but the number diverted is up to 1334 , Out of
1620 scheduled into Logan . M6 , the landing rate , is down to 11.33 aircraft
per hour. For aircraft landing on the primary runway , 201 air carriers plus
26 air taxis and 2 mi litary, this works out to 12.75 miles , on the average ,
in trail separation , a figure compatible with the 12—mile separation required
for VORTAC approaches.

4.3.6 Run ‘c (Tablet; 4 — 1 6  ari d 4 — 1 7 )

Run (c is the first of the second series of runs. This is the “baseline ”
run with all facilities 03cc-rating. The only essential difference between
this run and run 1 is in the- lower  rate of aircraft qeneration . An average
of 36 per hour are scheduled t.o Loqan. The peak qeneration rate used in
the rate input data w.’s 60 per hour from 4:00 P.M. to 5:00 P.M. The most
marked result is the sh a r p  drop in tim m .- number diverted , from 788 in run 1
to 99 in this run. The nlnutm .-s spacing delay per aircraft , M5 , is up,
indicating a dense landing ,c:ii m -du ie . M4, delay per delayed aircraft , is
down by about 11 minutes from t he  first 5 runs , while M9, total delay per
aircraft scheduled h-mr Logan , is down from about 30 minutes for the earlier
runs to 1’/.67 minutes. This run shows a definite model responsiveness to
the level of ; s h e r l u l , - ’]  activity.
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4 . 3 . 7  Run 7 (Tab le s  4 — 1 0  arid 4 — 1 9 )

Pun  7 is the “ wor s t  c u n - m .- ” ft-jr ttme ‘ , ‘ - r .” c nd :, ‘t  of r u i n ’ ,,  w i t h  all T P/,’’ ,I

fac il jt it-;; down all r i m l y .  Here the a /r - r a g ’ ; 1~iri ’lin g C i t ’  f , ’,r  h o u r  i ;  11.00 ,
about tim e same as in run 5, it - id i r ; at i ; i g  t i m ’ nmsnradar -i~rproach c-nv ;  r o n m e n t .
‘l iii- nmuainber divert inq is r anr r e sp-in i n l  ; r i g  l y  high. Si  m i  Ia r ly  ~-t ’i , total 0’- la,

~‘~ r - i i  rcraft , is up to 3 3 . 7 7  m i n u t e s .  Th i n; ru in , co V . ) r l l ’ c ]  w i t h  ru in 5 ,
ci  early -;iuow n-, the im 3 o r t ar i c e  of TPAC” mIi radar fac i l i t  m ’ - s .

4 . 3 . 5 R un 8 ( Tablet -; 4—2’; and 4—2 1)

R un H is i d m a n c t i c a l  to run  0 in al l  r esp ec t s  bu t  e r i e .  J ’r ’ ;v i c -us ly ,  the
model had c a l cu l a t ed  the t im e  of f l ig h t  (TOP ) f r o m  t h e h o l d i n g  fixes to
Loga n , u si ng the  ai r c r a f t ’ s land ing  speed . In t h c ; t ,  run  TOt” is halved ,
e q u i v a l e n t  to a t r a ns  i t  speed twice  the  l a n d i n g  speed . ‘1’hi~, prricer3ure ,

suggested by Boston ‘I’P AcCS i p er n a e n r i e l  as bei ng more  r e n f r r m ;ser i t a t  i ye of a c t u a l
p r a c t i c e , ‘las bee n r e t a i n e d  in the  model .

In  o rde r  to examine the effects of t h i s cha n ge , it w i l l  be n ecessar y
to est a b l i sh  a new measure  of c-ffc’ctivenie’-;s , one not used b e f o r e .  Line 1,

of the ‘lelay m a t r i x  is the to ta l  d e l a y  f r o m  a l l  cau s e s , i.e . ,  time of

l a n d i n g ,  m i n u s  the t h-iie of f l i g h t , m i n u s  the  t i m e r; of a i r c r a f t  J m ;n er at i o n .
Line 7 is the delay ‘Jue to spacing , i.e. , p l a c i n g  t h e  a i r c r a f t  in thr -
landing schedule. If line 7 is subtracted from line 6, t he  ‘lm ; l r i y  tim’-

due to factors other than sp a c i n g  i s o b t a i n er ] . I f  t h i - ; t i me is d i / i u c ;d

by l i n e  5 , the  number of delayed  l a n d i n g  a i r c r a f t , an na ’/’ rager d e l a y  f c e r
a i r c r a f t  due to a l l  f a c t o r s  o the r  than  placemen t on t he  l a n d i n g  sch e d u l e
i n -; ob ta ined . For run  0 t h i s  measure , c a l l ed  M l0 , is 13, 57  m i n u tes , while
for this run it is down to 10.05 m i n u t e- s. The i m p l ic a t i o n  is t h a t , by
m o v i n g  the a i r c r a f t  over t,h’n sam e di : ;t a in c m ;  f r o m  h o l d i n g  f i x  t o  a i rp o r t
at a h i g h e r  n.;~ie -r1 , the controller frees himself n r m o r i i r(u ir ; k l y  t I  ~~ ,a c ’ - ’ -  3 - t  th’-
n ex t  a i r c r a f t .  I lowe v ’-r , 1-1 5 , the r i t i n m u t ’  sp ac i n g  r i m ; l ay ,  has mncrea 3 f r om
0 .64 m in u t e s  to 1 2 . 1 2  m i n t - i t ’,- ’; pe r a i r c r a f t .  T h i s  indj ’ ; , ,t ’- - , t h a t  the n -l m :la y
burden  ha t ;  me re l y 1,1 -sri sh i  f t e d  f rom the ho ld ing  f i x e — , to t h i s  l a n d i ng
schedule .  Th is  i n t e r p r e t a t i o n  is g i v e n  f u r t i c m ; r  s uppo r t  by n o t i n g  t h a t  1-14
an d 14’) ( m e a s u r e s  of t o t a l  d e l a y  per a i r c r a f t )  have both inc r e asn - c I  s l i g h t l y .
Ml , the percentage  of di v e rt , l r , n s , is down oh i g h tly .  T h -  results app ea r  to
h’ i n c o n c l usi v e ; a c t u a l ly they are  not . The r e s u l t s  s i mp l y  in d i c a ti -  t h a t
to ta l  delay is not m~a t ’ - r i a 1 l y changed mer -ly  by b r i n g i n g a i r c r a f t  in c  f rom
the f ixes fas ter , unless the runway acceptance rate is increased. This is
a well known fact. That t he  men d corrmnc tl y cermf ’,rnn n . to r m ; a l i t y  in t h i s
case lends f u r t h e r  c r e r l i b ih i t y  to t he  model’ s s t r u c t u r e .

4.3.9 Pun 9 (Tables 4—22 and 4— 23)

This  run is the same- as run  8 , C.- x c e ) c t  t h a t  t he number  s c h e d u l e d  t .o
Logan was r educed  to ‘i t S , about 24 per  h e i r .  The m a i n  f . u i r f c e s e  of t h i s
run wa -s to f u r t he r  j n v r - ’; t i g a t m  mod’’ 1 ‘;eni s i t  I wit ’, ’ t o  ;, r: h , - n ] m i l e  i n t e ns  i t ’,’ .
The m m - -;t a pp a r e n t  r m ’ su l t  i -  t h a t  no a i r c r a f t  wor ’-  n] i v e r t e r l  f r o m  Logan ,
and - i ll rim - lay m --as u ar ’.-’; w e t - ’ - ‘; u b s t ; r i r m t i a l l y  rc-du jc;m- ’i . T h i -  r i a ta  a l so  sugges t
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an in teract ion between schedule and time of f l ight . Since in this run the
arrival rate is below the runway acceptance rate, estimated at about 32
aircraft per hour for runs 1 and 6, total  delay per a i r c r a f t  should be
reduced by bring ing the aircraft in faster from the holding fixes. One
way of verifying this hypothesis would be to make another run with this
low a rrival ra te and with the tran sit speed reduced to the landing speed ,
as in run 6.

4 . 3 . 1 0  Run 10 (Tables 4—24 and 4 — 2 5 )

Run 10 was designed to test the runway selection module , as explained
in Section 4.1. The delay measures for this run are al l  compatible wi th
the hi gher a i r c r a f t  a r r iva l  rate , as compared wi th  run 9. It should be
noted that  the ASR being down had no e f f e c t  on model operation except for
forc ing landings  on runway 4 instead of 33.

One notable exception displayed by th is  run is in M7 , the minu t e s  of
delay per delayed—takeoff aircraft. The figure of 3.43 minutes is the
highest of all the runs.  The reason for  this is that when the wind  exceeds
15 knots, 18 knots in this case , and the weather is IFR, all landings and
takeoffs take place on the same runway ; thus aircraft taking off are more
likely to be delayed.

A final item of interest in this run is the diversion to Logan of
aircraft scheduled to secondary airports beca use of the low ce il ing and
visibility, assumed to prevail throughout the TCA . This hapl;-ened o nl y
once in the f i r s t  f ive  runs , and not at all in runs 6 through 9. The
interpretation of this result is tha t the weather modsie was in place during
the first five runs and set in the random mode. For some brief period
during the 24—hour simulated day , it must have been below minima for one
of the secondary airports. During runs 6 through 9 the wea ther was forced
to VFR , and under this condition the model lands al l  a i r c r a f t  scheduled for
secondary airports. If runs 9 and 10 were to be conducted wi th  identical
aircraft generation rates and wind conditions , the crowding e f f e c t of
aircraft diverted from secondary airports on Logan traffic could be
ascertained.

4 .4  ANALYSIS OF DEMONSTRATION RUN S

The principal f ind ings  contained in the data presented are displayed
graphically in Figures 4—1 through 4 — 5 ,  and d iscussed in Section 4 . 4 . 1
through 4.4.5.

4.4.1 M—l, Percentage of Aircraft Diverted from Logan

Figure 4-1 shows clearly the combined effects of schedule intensity
and TRACON facility outage. Runs 1 through 4 are strongl y a f f e cted by
the hi gh ar r iva l  ra te , while run S has this effect compounded by TRACON
f a c i l ities outage . Run 7 , also with TRACON facilities out, shows the same
pronounced effect -- uncoupled as it is from the schedule e f f e c t .
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Runs 6, 8, 9 and 10 show , primarily, the decreased n umber of diver-
sions due to the less intense arrival rate. As previously discussed ,
run 9, with the lowest arrival rate , shows no diversions. This result
can be attributed solely to the low arrival rate.

4 . 4 . 2  M-4 , Minu tes  Delay per A i r c r a f t  Scheduled for  Logan

Figure 4—2 displays several points of interest. First , for runs 1
through 5 this measure totally confounds the schedule and facilities
outage e f f e c t , wi th  no appreciable d i f f e r e n c e  a t t r i b u t a b l e  to f a c i l i t y
outage.  Runs 6 , 7 , 8 and 10 appear to be responsive most ly  to f a c i l i t y
outage , wh i l e  run 9 is to ta l ly  dominated by the much lower arrival rate.
Comparing runs 9 and 10 reveals that  th i s  measure  is c r i t i c a l ly dependent
on arr ival rate in the range f rom 662 to 751 aircraft per day. Similarly,
compar ing runs 8 and 10, for which the arrival rates are , respectively,
1007 and 751 per day , shows little variation in delay per aircraft.
Whether or not these numbers are accurate , they do show that there is a
point at which  the system becomes sa tura ted  and de lays  mount r a p i d l y .

4 . 4 . 3  M-6, Average Handl ing  Rate per  A i r c r a f t

Fi gure 4—3 corrthi-’ies several f e a t u r e s .  The cross-hatched lower portions
of the bar graphs show the landing ra te , in a i r c r a f t  per hour , by run n umber.
The total  l eng th  of the bars shows the a i r c r a f t  crea tion ra te. Here it can
be seen tha t  the landing ra te  is essent ia l ly  schedule-independent  and is
most s t r ong ly  dependent on TRACON f a c i l i t i e s  s ta tus , as seen in runs 2 , 5 ,
and 7. Rut-i 9 merely reflects the fact that the creation rate was low.

The percen tage f i gures are the propor tion of crea ted a ircraf t tha t are
land ed.

This f igure strengthens the concept of the system filling and then
t u r n i n g  away the excess.

4.4.4 Percent of Aircraft Landing as a Function of Arrival Rate ncr Hour

This paragraph represents an alternative interpretation of arrival-
rate effects. If the ratios shown in Figure 4-3 , the percen tage of
crea ted a i r c r a f t tha t land , are plotted against the arrival rates for runs
where  all TRACON f ac i l ities were up , then an almos t linear relationship
appears , as shown in Figure 4-4. The runs chosen were 1, 6, 8, 9, and 10.
I~un 10 is included because even though the ASR was down , an approach was
available on runway 4 and controller capacity and trail separation were
not affected. The fact that this measure is slightl y lower for  run 10
can be indicative of the e f f e c t  of landings and takeoffs occurring on
the same runway. An increase in arrival rate of 52 aircraft per hour
decreases the percentage that actually land by about 45 percent , g iving
a negative slope in the data range of approximately 1.15 percent per
ai rc raf t arr iving per hour .
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4.4.5 M— 7, Minutes Delay ncr Delayed—Takeoff Aircraft

Figure 4—5 shows that takeoff delays too are responsive to several F
factors. The first and most obvious is wind speed , seen in run 10.

Runs 3 , 5, and 7 show the effect of three-minute separation between
aircraft taking off when the TRACON facilities are down. It would seem,
at first , that the results of runs 1, 2, and 4 are contradictory, since
runs 2 and 4 have the ARTS and SECRA down all day and from 5 to 7 P.M.,
respectively. The effect here , however , is not tha t  takeoff separation
is increased , because with the ASR up, it is i-tot. The dominant cause
is seen in Figure 4—3 , which shows that fewer aircraft are landing .
Because of the turnaround fea ture in the model , the f ewer aircraf t
arriving , the fewer appear at the takeoff  queue, and the less they are
a f f ec t ed  by separation on landing a ircraf t .

4 . 5  SUMMARY

While other delay measures are possible, those chosen were thought
to be useful and adequate and have in fact been shown to be highly
descriptive of delay behavior and strongly sensitive to the three delay-
inducing factors: facility outage , schedule intensity, and weather .

It is not possible without verify ing the model against actual system
performance to know if the absolute values are correct , or whether thei r
degree of response to factor change is accurate . Even so , the model is
responsive in the right sense ; i.e., the measure responses increase and
decrease in the expected directions.
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CHAPTER FIVE

FACILITY MAINTENAN CE COST MODEL

5.1 DESCRIPTION OF THE COST DETERMINATION PROCESS

The Facility Mai ntenan ce Cost Model was formulated to evaluate labor
costs associated with maintaining FAA fac i l ities wi thin  a maintenance sector.
The model determines these costs by computing the number of maintenance and
supervisory personnel required to perform all corrective maintenance (CM )
and preventive maintenance (PM), with proper allowance for personnel pro-
ductivity. The basic cost—determination process that is modeled is depicted
in Figure 5-1. For corrective maintenance , mean time between corrective
maintenance actions (MTBCMA) and mean time to restore (MTTR) are used to
determine the expected number of corrective maintenance actions and expected
repair t imes per action . For each action , man-hour demands , by skill level,
are incurred for direct main tenance action , as wel l as travel time on leve l
C facili t ies .~ Man-hour demands are similarly determined for preventive
maintenance . Total man—hour requirements are summed over all facility types
for the sector. These are then converted to numbers of personnel required
for each skil l  level , and the numbers are then used to determine support
personnel. These total manpower requirements are then combined with wage
rates and salaries to determine the annual sector labor costs.

5.2 OVERVIEW OF THE W)DEL AND ITS CAPABILITIES

It is recognized that personnel costs represent 80 percen t of the FAA
maintenance costs. Consequently, TSC encouraged the development of a model
that would focus on this single key maintenarm ce—cost factor. Therefore ,
the FMCM has been designed to predict required maintenance staff levels and
associated costs on the basis of the expected annual requirements for cor-
rect ive ~xid preventive maintenance , the desired facility-restoration levels ,
and personnel produc tivity factors. The FMCM evaluates the expected direct
labor and salary costs for a one-year in te rva l .  The model has been formu-
lated to evaluate both the preventive maintenance and corrective maintenance

There are three facility—res toration levels. Leve l A facilities are not
repaired ou tside norma l wo rk ing hours . Level B f ac i l i ties that fa i l  out-
side normal working hours ar e repaired , i f  possible , by calling maintenance
personnel back. Fa cilities subject to level C restoration are attended by
three shifts of main tenance personnel on a 24—hour basis.

5—1
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r m - ~~u 1r ed  by any  s i n g l e  f a c i l i t y  t~’V- , acc utnmj l . i t e  - a f f i n q  and ‘;on - ,t  dat~i
f u c r  t he  f a c i l i t y  typm - w i t h i n  the  speci f l i t - I  r n a l r c t i - n a r  - u - c t O r , e v a l u a t e
a l l  o t h m - r  desig n a t e - I  types  of f a c i l i t i e s  w ithiru t i I i ‘;nct On , and ~iccu m u l at e
tota l .sm -c t o r  m a i n E  i -nuance  costs.

Tb ’- );rinc t- :ip al model outputs l n c l l i d m -  I h i -  m - x j c m - c t i - r i  C t - u r n  ;~i l  cr ,e ’ of m a i n —
t u n i n g  a spec i  f i c  f a c i l i t y  t y 1 -r -  w i t h i n  a ; m - ’  t r cr  , t f ~~- r ’- - q ’i  i r m - d  numbi- r of
L i er s o nn e l  by s k i l l  l eve l fo r  t h a t  f a ci  l i t y  t y ~~~ - t n t  -~~~ :‘ c - . t of ~. r m - v e r i t i v m -
n , , i n ten a n c e  and c o r r e c t iw -  m a i n t e n a n c e , arm ’] n h ’  cost of . m i  1 -h ack - -;. T] , m t-
mo - l u - i  a l so  provides s i m i l a r  cost and labor data  on, t h ’~- t-etal of all facili—
t ; m - , wj  t n i  n t h e  n-;ector , inc I udi ng m in;uqu rr n erct/ - upport ~,-rsonrim 1 r’-’4u1 renenuts
ar -i Co s t ’ ; .

5. 3 TECHt~rCAL APPROACH TO ~-t t -~hJ-;J, FflRMULAT;t-~ ;

The FMCM is an analytic model , comprisinq a s - t  of e q u a t i o n s  d e s i g n e d
to calculate the expected annual labor costs of m a i n t e n a n c e  w i t h i n  a g iven
maintenance sector. The model is programmed in FORTRAN IV and las been
demonstrated on the CDC Fronos time-sharing s-/stem . By running the model
from a time—sharing terminal , maximum advant t- ci’lm - can b’ taken r~f i t s  a b i l i t y
to evaluatc- selecte,1 ~;ectors and facilities , );rlnc t n t - -  r e s u l t , , t h e n  run
again , all in a man—m achin ’- inte ra ctive mode. A or’)Nram l ie ti n q is r~~ n m —

vided in separately published documentation . (- -n i t n u- : t ion of t he  model
required n i — I - r , q n i t i o n  of t h r -  ~ r r - d o m i n a n t  - f f , . - -~ of labor on mainut--nancri costs
ai.’i the way in which this labor effect m a r m i f e - , t - , i t n ; i l f  or cost . In t e r v i e w s
w i t h  maintenance ~;e—sonnel of the New England Region and the Boston Sector
were conducted so tha t  m ain t€ - n ance  p r a c t i c e s  common to the  FAA and ~o - cu l i ar
t o  the R m ’g i o n  could be r t - f l e c t -d i n  t he  model .

I t  is si g n i f i c a n t  t h a t , a s c u r r e n t ly c o n f i g u r e d , the model does not
include costs of sparc- s provisioning or other logistics support costs.
These additional costs can be added to the model incrementall y without
requiring a r r - n t r i c t u r i n g  of the model as it currently exist:;.

As s n ’ c w r I  i n F t  ‘~ n i r e -  5 — 2  anc .i 5—3, t i ’ -  r” ‘-1- -1 hi i ru - - b-,’ at--c- -t ing , as a
t e r m in a l  i n p u t , th u  sector fu r- n arnu- arc -i t Iueri reading in data from th’-
sector file (called SECF IL )  d e s c r ib i n g  the  o v e r a l l  m a i n t e n a n c e  charac-
t e r is t i c s  of the sector to be evaluated arid data peculiar to each of the
f a c i l i t y  t ypes w i t h i n  the  sec to r .  (These d a tu  are  shown in Sec t ion  5 . 4 . )
Then the anal-/st specifies whethm .-r or not hi’ wants every facility type in
t n - - 5 ’ - ’ t ’ r  e v a l u a t e d .  I f  onl y selec ted  f a ci l i t y  tyr ,e s  a r t - ’  r h - s ir e d , he
mun -,t then inpuit how many of the facility t-/pc-r; within the sector will be
corms i’im-red in the analysis, t o j i - t h m - r  with t h r - r r  i d e n t i f i e r s .  The analysis
herj i ne h -~ corisi ’ier i n g  m a c l u  far - i l i t - , t yp - s’ -pa rat i-l y. To evaluate m ach
facility t’/)~;i’, an additional file (called FACFIL) coritalninq faci lit~ data
conlmr ,n to all faci lit ic’- of that t -/pe  th  r o u g h o i t  the  FAA system is r -- ~uii red .
t-~ ru the basis of t Fu m - sect or and faci lit’ , file data • th - corrective ma inte—
nancm I t - M I ,  preventive ma inr ’-nan c ’- (PM), on-i their sum , direct maintenance
(OM ) , are computed and (-rest--nt u- r i as int -rrrt -’ - -i iat c- outpu t data . After these
manpowe r roqui rem - -n t  S hm l V i t -  he i r; computr-d sep a rat e l y  fo r  each fo c i  11 ty type ,
they art -- combined t o  r u t  m - m i  ne t h i - tot-u 1 Icerionn el rt - - ’( mJ i rm-m -nt S for thu
m a i n t ’ - r m a n ’ n i  sec tor .
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Accm ,i mu l a t - ~
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~ =
Fa c i l i t ie s  Evaiuat c- ’l

C C

No Yes

Determine For cases where facility site ~~t--1 action
Base Level was remove replace, -,~ s t - , r e p a i r  occurr 1r . -~

Labo r Require— at centralized base a st i v i ty
ments , Costs

De te rmine  Table lookup for r n a n a t - - r -’~n t / s u p port  p e rsonn e l

Mgt/Suppor t required tS - -u p p o r t  S i t S and base S

Rqmts,’c2ost-;
for  Sector

Sector Labor Sector CS PM , 5-t costs; S ne r sonn a l  by
R e q u i r e men t s  s l s - ; - i f ; c~~’ ; - - r , , n-,’ith  ,,i;’~~,il h- ’- ;a1am ic~~;
Costs ~~~~~~~~~~ ru t  p e r c o n e r u l  - with rrur,ual ba ‘--

salaries; Total sector callback Costs;
Total sector labor costs; Base s al a r i e s

Dete rmine
Fac i l i t y  Tot al sector c o s t s / sa l m ir u i ’n a l loca ted  back
Cost by percent of sector population

Allocations

F a c i l i t y
- r a c i l i t’, name , quantity, allocated costs , andAllocations base salaries

f -j r
Another rvaluatc annehr- r sector , o ther  f a c i l i t y  type-s

P s - j o n - -  5— 2 .  (continued)
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Dotermiru~

Expected A r , r , u , c l
CM A ’ - t  i ’ m xsov A’ i ff /MT IICMA

Requ 1 m m - m m - I t ,

per Facil ity

Allocate- ‘25

Action Require- These allr,cations ref ic-ct when failur e-monte Retweon - -occurs, not when CM action ta kr-~ placeRegular Week
and Weekend

Allocate CM
Action Roquire-in-unts
Among Shifts and

Regular II- ek
and Weckc-;id

Determine CM ,
PM Costs, Time “ri  co st-; , demands arms detc-rn’iried for all

Require-merits f o r  but , cal1b~ck ( B )  actions
Each Restorat ion

Level

Determine For all faci lities u f  t yp o , ac cu mu l a to
Callback Costs , I restoration levei~ . Total t-2-1 costs
Total CM Costs , CM costs  + callback ‘:oct,,

DM Costs DM CM + PM(tota l)

Annual Demand (PM + Ct-1)/in;tlO-Prod uctivxty ~Dete rmin e NPIt -IC S
Site and base

P - r ,onu ;eL liii mh m au i m l  inc lu s t ’ ’, - i f -  t - ,’ a c t u i m ’ u - u
Pequuu i - u f l m - l m t  -; a v u i l~~( m i i  I t - ,’ m u  ; - m - r s o r c r c - - l  : t m ~j i - I  c i i i  us ,j -

___________________ d l st r  S h ut  j r _ i c

Figure 5-a. FMCM LOGIC (EXPANSION BETWEEN PARTS 2 AND 3)
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The combined man—hour requirusnc etc a re  t r a r , s l a t m c d i r ,t r ,  cocc i  f :  t
s t a f f i n g  levels  f o r  each of tho rnaintr-nance skill ic-/cl u dtfinc-J Sr. toe-
inpu t  data . Through t h i s  pr o cms ’~ur c  r e a l i s t i c  c t a f f s r -,q 1 - c- ,e l c  are -ievelor,~ d
w h e r e i n  pe r sonn e l  of t h u s  cane s k i l l  c a tego ry  ma-,’ wo rk or , cc -,’ r a l  f a c : lj t - .’
t ype;.  H a v i n g  dote-m ined thus nuniber of rna in t er ,ar ,co  r , er co r s r , e l ,  toe t-todel
uses a table lookup (see Table 5-1) to deterrcir-o ti-.e o-~r-us’~r ‘,f nao=s ’r t-ner .t/
support  personnel. Total orursonnel cost-; are oal:~~late=i Sr . toe no’icZ b’,
suniming toe pr o d u c t  of p~~r s o nr ;e i  r e t ~u s r c n e r , t , , it .  nar,—t,cun - s , rn-I mu wage
rate over the labor classes require-i.

~
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At the end of the analysis , total sector maintenance requirements and
cost - ’ and fac ili ty  cost allocations are printed. At the option of the
analyst , the progra lis can then either terminate or return to the beginning
for another program execution . The key cost categories that the model
c(urjslders are defined in the following subsections.

5. 3 .1 Preventive Main tenance

Preventive maintenance (PM) cost is determined by the maintenance
man—hour expenditures required in accordance with preventive maintenance
schedules published in DOT orders applicable to the faci l ities under
eval uation and trave l time . Daily preven tive ma in tenance actions are
assumed to require trave l times different from those for the longer PM
actions , which are all assumed to be the sante as for a CM action . This is

done to reflect facility-to—facility trave l for daily PM rather than
trave l from the central ma in tenance location to the fac i l ity assumed for
the other actions.

Preventive maintenance is assumed to be performed during normal work
hours only. It does , however , affect the overall staffing requirements
for the facility type and maintenance sectc’r.

5.3.2 Corrective Maintenance

Corrective maintenance (CM) actions are those initiated by failure
within a facility . The failure may be catastrophic , caused by a component
failure ; or it may be one caused by performance degradation below the
tolerances spec i f ied  in DOT orders for facility operations. Either type
of failure will no’r-mall,y require replacement of compone nt s , modules , or
en tire systems , depending on the severity of the failure.

The model assumes that all failures are scheduled for immediate repair
during normal duty hours and that they preempt preventive maintenance re-
quirements . Corrective action considers the m&n ower required to restore
a facility and includes the transporCation time from normal duty station
to the failed faCility, test and diagnostic setup time , fault—isolation
time , time to repair , operatior.al test time , and transportation time to
return to normal duty station .

Failures occurring during off-duty hours are scheduled for repair
during normal duty hours if the failed system has a restoration level A ,
or scheduled for repair by call-back personnel if the system has a restora—
tion leve l B. Call-back repairs are subject to premi um overtime rates for
labor and include the additional time authorized for transportation between
the technic ian ’s home and his normal duty station . Level B system failures
are repaired the next normal working day if contact with call-back personnel
is not established.

Facilities categorized as restoration level C are normally manned 24
hours per day. There fo re, failures of systems in these facilities are
trea ted the same as normal duty system failures except that the labor rates
are incr eased to reflect a shift differential.

5—8
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5.3. 3 Direct Maintenance

The direct maintenance 1DM) is the sum of the preventive maintenance
and the corrective maintenance. This quantity represents the total mainte-
nance labor demand for the facility and/or maintenance sector.

5.3.4 Personnel Requirements

The model computes the minimum number of personnel of a given skill
category required to perform all expected preventive and corrective mainte-
nance for each facility type . Personnel requirements are determined through
the application of produ ct ivi ty fac tors , which include corrective mainte-
nance and preventive maintenance tines (both of which include transporta-
tion time ) as the baseline (direct labor) and all other labor categories
such as training , watch-standing, leave , vacation , etc., as nonproductive
activi t i es .  Th e model inc ludes as an output th e actual produ ctiv ity of
each labor class, which takes into accoun t th e foregoing fac tors plus any
minimum manning constraints (e.g., level C manning requires at least 3
maintenance personnel per day) .

The model will permit consideration of an alternative scenario in
which some failed items are repaired at an intermediate repair facility ,
wi th the site repair activity then becoming -‘imply a remove and replace
action . The extent of this option is established within the sector file
by the variable RT~ (fraction of failures repaired directly at the site).
The model automatically determines the n umber of required intermediate—
level personnel and their associated costs based on the input values of
RTS for each facility type (0 -~ RTS .~~ 1). The model also m~etermines the
number of management/support personnel required for the established mainte-
nance personnel based on FAA standards ; it determines their costs a’td
includes these costs in the total costs (direct labor and salary) for the
sector.

5.4 DATA REQUIRE D TO EXE RCI SE THE MODEL

The descriptions of the contents of the sector data file and the
facilities data file are shown in Tabler 5—2 and 5—3 , respectively .  The
numerical data used in the model demonstration are given in Chapter Six.

5.5 DESCRIPTION OF MODEL OUTPUTS

Figures 5-4 through 5-6 are reproductions of outputs of model runs
performed during the demonstration of the model (discussed in Chapter Six).
Figure 5-4 shows a run in which all facility types in the Logan Sector are
evaluated. The figure is truncated to show only the outputs associated
with the first five facility types , out of a total of fourteen.
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Dabl e 5-2 .  SECTC R DATA F I L E  ( S E O F I L )

Mnemon ic Desc r i p t i on

Nrr u umuber of f a - i l i t  i cc  1m - ,  t o --  s- ces r d a t a  f i l e

USL N umber of s k i l l  l eve l s  a v a i l ab l e  w i t h i n  t oe sector

MLR Average nua r , agemn-u r, t s uppor t  labor r a t e  ~r,i l a r s  cer h o u r )

BL,R Intermediate uuainter,anice Ch imp lab-sr rate rdus ilars per hour)

PRODS t o t u m - r e d u  -t e  Ira m m - ’ . - -- s u e , - up labor t r u s , ’c, :‘-‘i ’u ~ r a t i o

~
‘XXX - Mn emonic  f or  ma t o t e r ,  an ’,c ’ ’, k i l l  leve l

SLR Labor rate hdoll art per hour , de f in e d  for eacr, sk i l l  l eve l )
PS LP h v e r t i c -  l abor  r a t - S - l o l l a n s  z - c - r  ho -un . dr - f in e d  for each ck,ll level)

SD1F £,uui ft duffe- r crt:al -a factor defmn ’- d for each s kull level)

~WER Manager- -eru s d usc,rt re’,Ju r--c,o,ts as f~ nr-s -sc of r a in t e - r ia r.ce s t a ff  size

XXX Mn emo ni c  for a facil:’-u t-jpe ‘. u s t h i r ,  the  se-ut -s r

AOl-I Average ann -sal  f - s si l : t- ,  s u u - s r a t i r g  - o u r s  (h- s _ u -s per y e a r )

- Averago d a m l - ~ f , s i li e-1 operan t; :;ours (hours per d-sy u

pcons P r o b a b i l i t y  of c -u r t - s c t l r ;  a maictenan ce- sari for a restoration level B
faci 1 i ty

RTS F~ a-~t~~~ of failures u- ’-ça ircd directly at the site

PROD A’~era;’, u -uu u-cr-runs,, na-u pr oduct :vit-/

I i- tau nt- usc- h i l l  I sv ,  1 i d - - nt ~~f m e r  - s-u - , :1-_ cc l u

r ;pr ,7 i / r i3 u Lh / N p ~,c ::ussber of f~~:i l ic i e s  h a - u se r - s s t c r a t c sn  i- - ’- - -s a - 5 , or C

t iDSA/NDSB /r ;Ssc  :1-u-ncr of thu ly s hi f ts  for fact : ties ha’’:cg restoration levels 5, 5. or C

O~ ,-,-J-,c- r c f v ise-k r, -) s t i f t s  for  facilities h-i - mr.; rcstou-at,or . levels A , 3, or C

TRTP A-,- ’-x - aqi- a ’uto ’,rczuu d trave l t ine  to eri e of  t h e s e  f a c i l i t i e s  for  a c a l l —h a c k
- (hours)

TRT Average  tra-,cl t ime  to one of t h e se  f a c i l i t i e s  f rom the cen t r a l  I s - u - a t  ion
( h o u r s )

TPTD - A-icra ge t r av e l  time to or,-, of these faciliti es !,r daily PM ~ u :ur s)

R o t c - S m  1. These pararetis u’s arE - cc, sated for each d r i l l  (‘‘us) a v a i l a b l e  w i t h i n  the
3 s ec tor .

2. These 1-araneters arc- r m e u - a t -J f o r  - ach f a , ~~l i t  n - - r e- w i t h i n  t h - ’: r e c ’ - r .

Ta?, !-- 5 — 1 .  3:1’:-r F;,~~I L 1 T I E c  DATA rn , r  f’ ui- !tA’2 H rAh’ILI ty ~ ‘f l- t ( F A C F I L )  

mc Code’ D i - ’, - r m p r i o n

Al phanumeric A l phan’ir’ .-ric ii ri m - i fi ’-r for fac ility t ,;-’ ( e . g . ,  OS . ASP , t IM)

S-frBCMA M m- - a r .  t i n-- h - - I  v ii uo r u- --: - r iv-- rn -u m u m ’  - ru’:’ -s-u t icr,’- (o r’ - r tir ,C hours per fa. lure)

S’V.’F psrronn’u ; uf fu ‘ u -s ’u y t a - t o m - In-ur d mmr’ ,nsional fs tsr tr- pr- ovi Is safe m- y margin in,
‘)c-t -- rn ; r u u r- 4 fm r r ’ _ c ru r u i -l rme(’u irm-’— - u - it S)

F I T~ 
a-- ’-r-u’)-- ‘ — u  - - ‘m i - u ’ mm- u n and  ‘ C -  i~~ -- ( r- . -u i r . t , - r : - u r ,  ‘ -  it ~~:, ‘ , i r s  -c r  a c ti o n )

re- -sr time me r u , :  u r h r-cu i c r  ‘-nan--- ’ r” , : r u — h , c - ; u  - p”r act 1Cm )

1-i t t-p ‘- - - -~ r- t i m ’ -  Iso r -  r-’ , -ir- a r - i  r ’-)-l a- -u- I n - u r, ’ r u ,  -- r astir-n)

- .~v i - r a y -  : 0 i  r um, ’- I i  ~~ e- liv ’ -) r m- ~- - . I r u - m r .  - c m i  m, t5rm aruce nan—hours per ac t ion )

P:-c-ti ~~Tis~~’r ~~~ u lu- ’ u-a int ’-u,CnCc tu rn ’- (rrai u , t m- u ’, . u i , -,” m u i r - r u e - ; , - ’, i-cr  a c t i o n) ”

o r  p a t  arm - t, - r um ’ - mm ‘ m m m i  f’ir i 3; t a m  1 1 1/  ‘- i - e -  w i t h i n  I - , sc-ctor -
T )iS pa rarr - -tr -r i s  un  a r r a y  of p ru - vm ’n tm vo mam n t ’-n - ur , -:m’ t i m ’s , by facility t y p e ,  for  each of
the- foiir iwm ,, -3 scheduLed PM frequencies : daily, weekly , monthly, quarterly, semi-annually,
a n n u a l l y ,  r u n e  t im e - c  d a i ly , every other day , twi ce a week , every Other wCek .
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Figure 5-6. FMCM OUTPUT (PART C)

The first output block of Figure 5-4, for the ASR , shows corrective ,
preventive , and direct maintenance costs per year . It can be seen that
direct maintenance cost is the sum of the costs of corrective and preventive
maintenance. Since the ASR is subject to level C main tenance , there are no
call-back costs. Two men in labor category RAD were considered in the cal-
culation, at combined annual salaries of $49,920. Since only on-site repair
is conducted at Logan , the base (intermediate) labor category is null;
therefore , the cost is zero. Base repair is in the model as a logisitic—
support scenario option . After the ASR cost data are printed , the next
facility to be evaluated , “AHSR” , is identified. This cycle continues
until all facilities in the sector file have been examined.
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Figure 5— 5 shows the summary out1,ut for the entir e -- uu”ctor . It gives
the total corr€-ctiw’ , lureventive , and direct maintenance costs for 14
facility types and , for those facilities which are restoration leve l 8,
the total cost of call-hacks. The total basic salaries of the four labor
classes are disp layed , as well as their expected actual ruroductivities .
Productivity is defined as the ratio of actual rn aintr - nar cmn time to total
on-duty time .

The item denoted “total sector annual direct cost” is the sum of the
direct maintenance cost and management/support cost . Th~ itOm denoted
“total sector annual labor base cost ” is th~ sum of the annual base
(salary) costs of four labor classes and m a n a q er n e - -n t / s ur port  cost . I t  i s
assumed tha t m a n a g e m e n t / s u p p o r t  p e r s o n n e l  p r o d u c t i v i t y  is u n i t y .

The i’able in the lower portion of Figure 5—5 is a summary of allocated
labor costs for the entire set of facilities. The hesis for th~ allocation
in this case is that the 30 facilities have equal wi--i ght. It is possible ,
of course, to allocate those Costs by another weighting system.

Figure 5—6 displays the same kinds of data as Figures 5—4 and 5—5.
The only difference is that in this run only two facilities have been
selected (a program ~ption): the ASR and TACAN , which must he-- identified
by terminal inputs before each is evaluated .

5.6 APPLICATION OF THE FMCM

The model, as noted earl ier , is structured to have a common file
(FACFIL) containing data on all types of facilities maintained by the
Airways and Facilities Division of the FAA that are common to all sectors ,
and a series of files each containing data peculiar to a specific mainte-
nance sector (SECFIL). The principal uses of the model , therefore , are:

To evaluate specific sectors or selected facility types within
specific sectors for their attendant expected annual maintenance labor
(and management/support) personnel requirements, direct  labor costs , and
salary costs.

To determine the impact on the maintenance sector or on the
facility—type baseline evaluations due to specific changes in reliabil-
i ty , maintainability , technical or support parameters , maintenance
scenario , etc.

To conduct sensitivity analysis to determine the driving parameters
and their associated ranges of impact.

Specific sector maintenance evaluations are handled through normal
exercise of the program , wi th specific sectors and facility types to be
evaluated being designated by term inal inpu ts. The model is structured
to permit evaluation of successive sectors/facility types without the need
to recompile each time.
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Alternative maintenance scenario evaluations can be handled in two
ways: through a permanent change to file data (or establishment of addi-
tional permanent files) or through the insertion of temporary program
statements to modify the main program. Selecting between these approaches
for a specific application will depend on the nature and extent of the
changes. If  they tend to be simple , then the temporary change to the main
program approach is preferred; otherwise , the changes are better made as
permanent changes to the a f f e c t e d  f i l e s .  (In this latter case , additional
permanent file changes would again be required to restore them to their
or ig inal condition once the evaluations were completed.)

The best means of accomp lishing Sensitivity analyses is to insert
temporary changes to the main program and take advantage of the looping
feature of the program . To illustrate , assume that the sensitivity to
some parameter (PARr’)) is desired and that FARM is read from either the
common or sector files. Following the read statement for PARr’), we could
then insert the following temporary statements :

PRINT , * VARIATION FACTORS* ,

READ , VARF

PARM = VARF * FARM .

Th us, each time FARM is read from the file, its value is modified by a
terminal inpu t for the modif ication factor , which , i f repeated over the -

range of interest for the parameter , would then provide the resultant out-
put sensitivity curves for PARr-i (e.g., VARF could go from 0.1 to 10).

The demonstration exercises , which will be described in Chapter Six ,
considered all three usages of the program , with the latter two types of
usage being accomplished via temporary changes to the main program.

Table 5-4 summarizes the specific terminal responses required for
normal exercise of the program. The responses for usages with temporary
changes to the program will depend on the nature of the changes introduced
and the i r  forma ts. These wi ll be il lustrated in Chap ter Six for the
specific cases considered during the demonstration exercises. As shown in
the table , program usage is extremely simple , wi th term i na l  inpu ts being
needed on ly to specif y what is to be evaluated (sector/facility) during a
given terminal session. The set-up of the files whose specific contents
and structure are described and presented in the program documentation for
the Logan maintenance sector represents the only complex aspect of program
preparation .
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Table 5-4 . SUMMARY OF TERMINAL RESPONSE REQUIREMENTS
FOR NORMAL P ROG RAM EXECUTION

Termina l  FORTRA N
Question - C om m e n t s

Response Variable

1. Input  sector f i l e  Permanen t  f i l e  SECFIL None
name? name of sector

to be evalua-
ted , c’.,g.,
LOG AN

2. Do you want to YES or NO AA None
con s i ’ J er  a l l
f ac i l it y t yp es?

3. How many types? Integer number NFT Only if AR = Y E S .

4. Facility? Facility name Nli,NF Only if AR = YES .
(e.g., ASR)

5. Do you want to YES or NO AB I f  AB = NO , pro-
run another case? grams stops ;

othe rw ise , i t
recycles to
question 1 for a
new case.
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CHAPTER SIX

FMCM DEMONSTRATION

6.1 PURPOSE OF FMCM DEMONSTRATION

To show that the Facilities Maintenance Cost Mode l (FMCM) achieved the
objectives for which it was developed and to illustrate how it could be
utilized by TSC/FAA, an FMCM demonstration was performed. Using input
file data provided by TSC, this demonstration showed the basic evaluation
capability of the model and illustrated how the model could be applied in
several representative parameter-variation cases defined by TSC.

Correspondingly , the model was exercised for a base case comprising
14 fac i l i ty  types within the Logan Maintenance Sector and a series of
15 parameter variations involving selected facility types within the sector.
The specific demonstration exercises are summarized in Table 6—1. The
methodology employed in obtaining these demonstration exercises is
described in Section 6.2, and the results obtained from these exercises
are presented in Section 6.3. The chapter concludes in Section 6.4 with
conunents concerning the specific results obtained and further types of
applications that could be considered for the FMCM.

6.2 FMCM DEMONSTRATION METHODOLOGY

In order to demonstrate the utility of the FMCM , a representative
set of data was generated for the Boston Airway Facility Maintenance
Sector .

The Facilities Data File (FACF IL) presented in Figure 6—1 contains
estimates of corrective and preventive maintenance parameters for a group
of facilities assigned to the Boston Sector whose availability has an
impact on aircraft delays. The mnemonic codes for the FACFIL are defined
in Table 5-3. Corrective maintenance parameters such as MTBCMA , FITT ,
and MTTR , and preventive maintenance man-hours (P MM H) were obtained for
each facility type from estimates made by Boston Sector personnel
responsible for maintaining them . Other parameters , such as personnel
su fficiency factor (SUF) , MTTR , and BMMH , were set equal to zero to
reflect current airway facili ties maintenance practices.
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1’.~bJ., ’ 6-1.  SUHHA IiY OF INCH O,.HOH$CkA’? I ON EXtS ClSE~

Ni,.6,,, r 
F a , , i lt t i v S  o m t h  

- ~
, Para~,,t.rn N ~~~~~~ V ans

1 ASS . ARA S, S!CRA , NA Ass.li,,o case NA NA
CD , ANtS . ART S-i . eval uat ion.
A I.S , GA , LOC .
LON . N , H VOP .
TACAN

2 ASS, TACAN NA Deev,nntrat. NA NA
islective facility
evaluation feature

3 Sa,,,e as Awl 1 ASS Chanqo PM •chedule P1*111’ 0. 0. 15 . 8 , 15 , 26 , 0, 0 , 2 , 6
(A l l )

4 All ASS Cha,,ge PH sched ule P1*45’ 0, 0 , 21 . 8. 15 . 26 . 0. 0. 2 . 0

A ll  ASS Change r . liabi li ty  HTRCNA 225

6 Al l  AIR Change reliabil i ty NTRCMA 1100

7 Al l  ASS Chang e to ,-estor at ion HAL 0, 1. 0
level I MDI 0, 1, 0

1*43 0. 1. 0
PCO~~ 0.95
TRTP 3

S All ASTS-3 Change PH schedule P11*4’ 0, 0, iS , 25 , 7 , 1, 0, S. 0, 7

9 All A*TI-3 Change P14 schedule P99*4’ 0. 0 , 2 % ,  25 , 7 , 1 , 0 . 0. 5 , 0

10 All ARTh -3 Change r e l i ab i l i t y  MTICI4A 4300

11 Al l  AR15-3 Cbanqv r e l m a b i l i t - -  HTSCNA 2 190

12 A l l  A~~S.3 Change naintuinubility rI-Pt 4

1) A l l  6115-3 Change n ain ta in a b i lit y  PITT 2

14 All 6155—3 Change to r estor a tion 551. 0, 1. 0
level B MDC 0, 1 , 0

‘*45 0, 1. 0
PCOWI 0 .5
TITP 2

15 A l l  toC Change r n l i a b i l . t y  ICTACHA 340

16 A ll  L~~ Change r e li .b ii i ty  MTACNA 690

17 Al l  Chan ge to re stm ire t ion 551. 0. 5. 0
Irvol N NTIS 0 , 1. 0

HAN 0, 1, 0
ACONA 0 .95
TNTD 2 
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Line 20 in Figure 6—1 identifies the first set of data as that
associated with the Glide Slope facility (GS). Lines 30 and 40 contain
the data for the maintenance parameters defined in Table 5-3 , as app licable
to each Glide Slope f a c i l i t y  in the Boston Sector,  In the r ema in ing  l ines
of the file , the maintenance parameters are further abbreviated to single
l e t te rs .  For exanpie , in line 60, “M 170’ represen ts  an MTBCMA of 170 hours
for the Localizer (LOC) facility type . The other facility types contained
in the f i l e  are:

LOM - Compass Locator/ILS Outer Marker

MN - ILS Middle Marker

H - Nondirec t ional  Radio Beacon

VOR — VHF OrnniJirectior.al  Range

TACAN - Tacti ’ al Air  N av lqa ti on

ASR - Airpor t  i~ ‘rvei l lanc€  Radar

ARS R — Air Route Su rv e i llance  Radar

SECRA - Secondary Radar Beacon

CD - Common Dio~ tizer

ARTS-3 - Automated  Radar  Terminal  System

ALS - Approach L igh t  System

RMLT — Radar ~4icr owave Link Termina l .

The Sector Data File (SECFIL) , presented in Figure 6—2 for the Boston
(Logan ) Sector, contains sector-peculiar data defined in Table- 5—1. Lines
30, 4 - , 50 , and 60 contain labor rates for maintenance technicians assi gned
to radar computer , naviqation/linking aid , and environmental facility types ,
r i — ~~e c t i vely .  P e - f a c i l i t y  ty ~-c- s i d e n t i f i e d  in l ines  80 , 120 , 160 , e t c . ,  are
identical to those contained in the FACFIL. The data us~~ w -re once again
obtained from Boston Sector personnel ~esponsible for naintena~ ce operations.

6.3 PRESENTATION OF DEMOU STP .ATION RESULTS

As noted in Table 6—1 parameter variations were made for the ASR ,
ARTS—3 , and LOC facility types. Tables 6—2 through 6-4 present  the results
obtained from these exercises , along with the corresponding baseline—csse
evaluations. Int -rmediato-level repair personnel levels and costs are not
included in these tables since this option was not considered fer the demon-
stration exercises and hence these values would be Zero in ever-- case. The
terminal output ori ginals from these demonstration exercises w~-re trans-
mitted dirv ct ly to th~ project Contract ~)ffici-r ’s Technical Representative
(COTR) at TSC immediately following completion of the exercises.
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p 
rab,ze 6-4. SUMMARY OF I..OC VARIATION RESULTS

Results
Output Cost Factor

Run 1’ Run 15 Run 16 Run 17

I,01 CM Cost77 7,941.59 3,970.79 1,985.40 14,062.71

-“C PM Cost’ 39, 033.30 39 ,033 ,30 39 ,033.30  33 ,942.00

L’)C 014 Cost’~ 46 ,974.89 43 ,004,09 41,018,70 48 ,004.71

LO Call—Back Cost” 5 ,172.02 2 ,586.01 1,293.00 12 ,930 .04

1)C Type Labor NAy NAy NAy NAy

:~~zober of LOC Site 3 3 3 3
P’orsonnel

r,ClC Type Labor 74,880.00 74,800.00 74,800.00 74,800.00
a la ry

~I~1’Itor CM Cost” 20,424.41 16,453,62 14,468.22 26,545.53

1 1 1 ,0 P11 Cost’’ 337 ,197.05 337 ,597.05 337 ,597.05 332 ,505.75

C • C t or  144 Cost” 358 ,021.46 354 ,050.67 352 ,065 .27 359 ,05 1.28

: 0’  oor  of NAV 14 14 14 14
‘~i,3t1n1c0ans Within
sector

Cs,Cto r  Type Labor 349,440.00 349,440.00 349,440.00 349,440.00
o~~1ar’~
3’~ctor Type Labor 0.4179 0.4146 0.4130 0.4 146
l’ rOCduCt lV ity

:. ‘,4 1-(t’C r of Management 17 17 17 17
P’-rsonnel Within
S’ ‘:‘:or

4 
‘4 tor Management 424,320.00 424,320.00 424,320.00 424,320,00
o,o ç~ort Salary

~~‘ ;t’,r Total Labor 782,341.46 778,370.67 776,385.27 783 ,371.28
Cr, :t •7

:- .t C,4r  Total Salary 1,102,400.00 i ,l02 ,400.OO 1,102,400,00 1.102,400.00

- ~ef4-ned by Table 6-1.
“Dollar s per year.

(
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6.4  DISCUSSION OF DEMONSTRATION RESULTS

The ob jectives of the demonstration exercises ,  as discussed previ-
ously, were (1) to demonstrate the operation of the FMCM in its baseline
and parameter-variation modes, and (2) to obtain actual evaluations of
cases of interest. Both of the objectives were achieved by these exercises.

As shown in the top line of Figure 5—5 , the baseline case evaluat ion
of the Logan SClctor showed a direct maintenance cost per year of $358 ,021.46
(5.7 percent CM , 94.3 percent PM) , of which  $5 ,422. 94 (1.5 percent) was due
to restoration level B call—back costs. This direct labor demand
translated into a sector maintenance—force requirement of 23 , spread over
four labor sk ills (RAD , ART , NAy , ENV) and with an associated annual salary
of $678,080. It was determined by table look—up that a total of 17
management ,’support personnel would be necessary for this size labor force,
with an associated salary cost of $424,320.00. Thus the total annual salary
for the Logan sector was determined to be $1 ,102 ,400.00 , with a corresponding
average productivity (assuming management/support 100 percent productive )
of 71 percent. Average productivity is defined as total annual labor
direct cost ($782 ,341.40) div ided by total annual sector base Cost
($1,102 ,400.00). It should be noted that when the effects of the management !
support personnel ar4,1 call-backs are removed , the productivity (of mainte-
nance personnel) drops to 52 percent.

Three facility types were evaluated during the parameter variation
exercises (ASR, ARTS-3 , and LOC). The parameters varied are shown in
Table 6-5. Table 6-6 summarizes the resultant “best choice” among the
options considered for each facility type in terms of its net impact (from
tne baseline values) on the sector costs. The last column in the table
represents the cumulative potential savings across all three facility
types. “Best choice” in this case represents the option that results in
the minimum total salary for the sector or the minimum direct labor costs
for the sector. These results show a potential labor cost saving of
$30 ,961.02 , w ith a possible force reduction of 2 and a corresponding
potent ial salary savings of $49, 920.00. It is also interesting to note
that the spec ific “best choice ” opt ion was different in each case; i.e.,
for the ASR , it was a PM frequency change ; for A} -T S-3 , it was a restoration
level change ; and for LOC, it was a change in the maintainability (FITT).

As demonstrated, the FMCM prov ides a potentially useful tool to the
FAA/TSC that can be easily applied to evaluate a large number of potent ial
approaches toward reducing the cost of maintenance within the Airways and
Fac ilities System. When used in conjunction with the User Delay Cost
Model, it provides a readily accessib le means of linking the potential
cost sav ings through changes in the maintenance system to the corresponding
impacts on the using community. It thus enables determination of the
overall best options to the FAA and the user community in terms of possible
changes to the Airways and Facilities Maintenance System.
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Table t - 5 . SUMMA kY AND VAR IATI ON LXEKCISES~ TER M I NAL INPUTS

POR’FkANQuestion Term inal Response CoessentsVariable

Sector file name ? LOOAN SECF11. None

Facility? Facil i ty type affected NVARF None
e.g., ARTS-))

Consider all typos? YES APi None

Parameter ? 1,2 ,3 , or 4 NPAR 1 • PMMH Variation
2 - MTBCMA Variation
3 Restoration Level

Varia t ion
4 = FITT Variat ion

Factor? Positive real var iable XFA C When NPA R - 2 or 4

P 14MM? 10 positive real PMMH( IJ) When NPAR — 1
varia bles

NRL? 3 integer variables NRL (IJ) When NPAR 3

NDS? 3 integer var iab lA s 1405(13) When Ni-AR 3
(1,2 , or 3)

NWS? 3 integer variables NWS (I3) When NI-AR 3
(0 ,1 ,2 , or 3)

Another c a s e?  YES or No AR None

Fable 6-6. SUMMARY OF BEST-CHOICE RESULTS PROM
DEMONSTRATION EXERCISES

Resu lts
Facili ty Type

ASR ARTS-3 LOC composite

Best—Choice Run 4 14 16

ti—Sec tor CM Cost’ 0.00 (14.17) 5,956.19 5,942.02

ti—Sector PM Cost’ 14,208.00 10,821.00 0.00 25 ,019.00

ti—Sec tor OM Cost’ 14 ,208.00 10,806.83 6,956.19 31 ,971.02

ti—Sec tor Call—Back Cost’ 0.00 (84.04) 3 ,879.01 3,794.97

ti—Sector Main tenance Personnel l(RAD) l (ART ) 0 (NAV ) 2

ti—Sector Maintenance Salary 24,960.00 24 ,960.00 0.00 49,920.00

ti—Sector Managemen t/Support 0 0 0 0
Personnel

ti—Sec tor Management/Support 0.00 0.00 0.00 0.00
Salary

ti—Sector Total Labor Cost’ 14 ,208.00 10,806.83 5,956.83 30,971.66

ti—Sector Total Salary 24 ,960.00 24 ,960.00 0.00 49,920.00

‘Dollars per year.
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CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

The principal conclusions and recommendations derived from this study
are presented in this chapter.

7.1 CONCLUSIONS

On the basis of the analysis of the model demonstration results , as
reported in Chapters Four and Six of this report , the fol lowing conclusions
are made :

The UDCM is an ef f e c t i v e  tool for evaluat ing the ef f e cts of several
factors on user delays.

While the UDCM was designed to evaluate delays induced by fac i l ity
• outages , it has been shown to demonstra te  the effects of a number of fac-

tors other than facility outage — — e.g., aircraft schedule intensity ,
weather -— and is therefore a powerfui analytic tool having potential
utility in a wide range of FAA/TSC planning and management decisions.

The FMCM was demonstrated to be responsive to variation in  main-
tenance stra tegies and can eas ily be app lied to evaluate a large number
of potential approaches to maintenance—cost reduction within the Airways
and Facilities System.

7.2 RECOMMENDATIONS

The conclusions support the following ARINC Research Corporati on
recommendations for future development :

Expand , r e f ine , and validate the UDCM. Areas of expansion include
enlarging the model to remove some of the lim itations -- e.g., enabling
the model to simulate movement of aircraft to and from seccindary air ; ~.:ts.
Considerable emphasis has been given to the lack of an authorita’iive in-
put base , particularly of data related to aircraft qeni-ration. A thorough
data collection effort should be made before the model is validdted and
exercised. Once a good data base has been obtained , the model snould be
validated . This would require exercising the model with good input data
and comparing model outputs with similar delay measures observed at Logan
under comparable conditions.

7—1



Expand , refine , and validate the FMCM. Included in this recommen-
dation are the following requirements: expand the model capability to
cover combinations of sectors and enlarge ~t to include maintenance costs
other than labor. Model validation woulo involve comparing model outputs
with actual maintenance costs encountered when scenarios similar  to those
modeled are  used.

Develop and implement the Facility Ava ilability Model as a joint
analysis tool with the UDCM and FMCM. When this is done , it will be pos-
sible to identify levels of availability that are optimal, or near optimal ,
with respect to the criterion of costs to the FAA and the using community .

Develop a Maintenance Management Information system . The implemen-
tation of this recommendation would not only support the maintenance man-
agement function but would also provide an ongoing source of valid data for
the analysis and selection of optimal logistics scenarios through the exer-
cise of the three models.

Acquire cost factors for the conversion of delay measures to cur-
rent dollar figures.

7.3 SUMMARY

The objectives of the study have been success fu l ly  met . The two
n~ de1s have been demonstrated , and they perform as desired and expected .
ARINC Research Corporation believes that a methodology has been identified
and proven feasible that can and should be further exploited .
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APPENDIX A

REQUIRED UDCM INPUT DATA

This appendix describes and discusses the nature of the data required
by the UDCM. The numerical  quantities presented herein are those used in
the model as it was configured for demonstrat ion. Annotated sample inpu t
matrices are included. A complete listing of the input data matrices is
included in the program print—out in the model documentation .

1. WEATHER DATA

Figure A— l provides a sample of how weather data was received from the
• National Climatic Survey . This figure shows weather :onditions during day-

light hours with the wind from the north. The study used 32 such tables
corresponding to all 16 points of the compass for day and night.

• Table A-l is derived from Figure A—i. The derivation was performed
manually and displays ceili ng  f r equenc ies as a f unc tion of wind d irection
and ve locity. For example, summing over the columns of Figure A-l for a
wind speed of 10 to 14 knots, under ceiling Category 1000+, gives a fre-
quency of 103 observations. This figure is displayed in the first row ,
third column of Table A—l . The same procedure is repeated for all entries
in Table A — i .

Table A-2 is also derived from Figure A-i. Given the ceiling of
approximately 1000 feet , a total of 314 observa tions occur , as can be seen
in row 6 labeled “TOT” , and the last column labeled TOT 01’S”. Of these ,
309 occurred when the visibility was 3+ , 1 when th-~ ceiling was 1-3/4 to
2-1/2 nautical miles , and so on. These data were converted to cumulative
percen tages , expressed as numbers 000 to 999, for computer utilization .
Figure A—2 shows an example of such a table , exp-ussed as a matrix , as
printed out in a program run .

The top matrix in this figure is f i rst  used to find the wind direction,
or whether it is calm. Column 1 displays 17 ent r ies , row 1 representing a
calm condition , and each of the others on’~ of th~ 16 points of the compass.
Columns 2 and 3 contain cumulative percentages of occurrences for each of
these conditions —- column 3 for daylight hours , column 2 for night. A
uniform random variable , U, is drawn from the unit interval and compared
with the numbers in column 2 or 3. For example , assume dayl i~ ht hours ,
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C t t t i ~ c. vr .i V 1 S I a I I. I I V t~ a (i U P ~ I i~ ~ I I ~ SORIWPS ~RUu”3 3/16 — 5 /8— 1/4— JUT
STA L,1k IN PCET M . P .H . 0—1/4, 1/2 7/6 1 1 1/? 1/2 3. DPS

t wo. i—c I
5—9 1 13 1 13?

1 10 0 101
15—29 51 57

JO.-
T O T  2 2 1 309 314

600—900 j — 4  2 2
1 6 I I

10—1 4 1 1 15 1%
~~~~~~~~~~~ IV 15

30. 3 3
— r U T  3 1 3 3 4 30

500 ~ —4 1 1
1 1 3 5

3
15—29 1 1 2 1 3 $

TOT 1 1 1 2 10 17

400 .—4 1 r

12—1 -. 1 2 3 7
— 3

_____________________________________________________________________________ 
1 1

TIlT 1 1 5 IC

300 ~— 6  I
3 1 4

3
15—29 1 2 4

30+
TIlT 1 3 3 7 14

Z30 1—4 • 1 2
— — — - ___________________________________________

10—14 1
I,—’-.

30.
3

14734 N 0—100 1— 4 - —

~~ 

__________—•_______

5— 9 1 1 1 3
10— 14
15— 29 1 

___________________________ 
1

30.
TOT 2 1 1 1 

________ 
5

TOT VU 3 7 4 10 12 11 
• 

370 417

v ii. Gap S —~~ ~— 9 1 0 — 1 4  15 — 2 9  30. CALM

TOT ‘/EL 30 157 ~l7 • ~~~ 4 417

S VEL 1.2 37.6 32.9 21.3 1.0 100.0

Fi gure A-i . SAMPLE OF NATIONAL CLIMATIC SUP/t V WEATHER DATA
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MA TR IX HALFWOPD SA V I V A L U E C I R V L  • “‘4 ‘~~‘-~~“‘NT DY NT DY NT DY NT DY NT DY
CCL . 1 2 3 4 5 6 

- 
7 8 9 10 11 12/” 13

1 360 7 1 1000 
- 

1000 
- 
1000 1000 1000 1000 1000 1000 2 3

N 2 0 96 58 61 1 576 44 8 839 777  1000 990 4 5
or 3 22 128 85 152 76 104 510 891 153 996 995 6 1
YE 4 45 163 118 113 29 510 324 755 639 981 979 8 9
YYE 5 67 198 169 82 441 494 0 724 770 981 992 10 11
1 6 90 232 263 167 49 642 437 776 820 976 996 12 13

EYE 7 112 254 348 207 47 671  0 866 804 994 1000 14 15
Sr 8 135 272 398 231 66 777 680 931 962 993 995 16 17

Y SE 9 157 296 425 153 101 736 641 939 924 1000 995 18 19
10 180 365 489 109 53 757 456 949 803 1000 985 20 21

4S W 11  202 424 550 58 20 569 211 845 602 1000 998 22 23
SW 12 225 496 591 48 17 479 195 779 510 998 1000 24 25
WSw 13 241 616 663 19 15 439 302 827 645 999 992 26 27
* 14 270 776 711 69 14 312 211 651 498 990 966 28 29

WN W IS 292 836 874 33 101 295 184 649 439 974 977 30 31
SW 16 315 937 958 26 20 396 225 734 554 996 993 32 33

CNW 17 337  1000 1000 30 13 413 835 835 658  1000 1000 34 35
18 0 0 0 0 0 0 0 0 0 0 0 0 0--

W i rd~~~~~~~~ ; u v l , . r -3  7 1? - •l i r rC t i~~ cumulative - - - - . - i- • - - ~~~- — L i - - i  -
in deg r e e s  ~~~~ r r , -~ . - ,- -

di re ctiurs
in Dcv . %i- ~r,

M A T R I X  IIALF W 0RD SA V E V A L U E  4

ST r S O T  DY 0! 0 DV ST Di
o~~i1 i r5  CCL.  1 2 3 4 5 6 7 8 9 10

1- 1 825 733 798 841 762 752 714 64,0 1000 0
7 - 2 850 800 857 911 878 883 876 820 1000 750

- - 3 850 833 881 943 901 905 933 910 1000 750
4 4 850 666 914 956 946 956 962 944 1000 1000

- 5 875 900 950 981 977 992 991 989 1000 1000
- -  ‘ 6  950 967 977 981 994 1000 1000 989 1000 1000

l i - s t = S - - 
~~~~~~~~~~~~~~ 

‘ ‘

W i t 4  3 7 12  22  30
v s - s t y  V r s s t  Vr s c , t .s 4 ,  t K rs rv t Kn o t v

ti ling matrix for wind N

MAT R IX  M A L FM O R O  SA V E V A L U E  5

- • 
711 DY S t  DV 17 s i  1 i  OS 1 7 DV NT DV ST DY

2 3 4 5 6 7 8 9 10 11 12 13  14

4 2 5  1 0 0 0 0 0 0 0 11 0 0 63 0 455 400
- - - 2 2 0 0 60 0 59 0 143 0 0 313 333 728 600

• 3 2 0 17 80 56 118 91 143 48 7 1 501 333 819 800
iv 4 6 6 51 120 111 176 13o 143 238 286 564 333 910 1000
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Figure A-2 .  SAMP LE OF WEATHER MATRIX INPUTS
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and let the number drawn be .04% , or equivalently 045 and , thus , since
045~~ 058 (row 2 , column 3 ) ,  the wind its from the north. To determine wind
speed , another U is drawn and compared with the odd-numbered column elements
in row 2. If U = 720, and 448 - 720 -~ 777 (where 448 is in row 2,
column 7 and 777 is in row 2, column 9) the wind speed is 12 knots.

To determine ceiling , columns 12 and 13 identif y the ceiling and visi-
bility matrices for each wind direction and matrix 4 (the midd ]e table of
the f i g u re) is used fo r coi l ing  dcl ~-rmina t ion with a north wind. Column 6
corresponding to a speed of 12 knots , day liqht , is entered with another
value of U , for example 921. Since 905 921 ~. 956, the ceiling is 400
feet .

When the ceiling is determined , matrix 5 (the last table in the figure)
is used to find the visibility. A new U is obtained and compared with the
entries in column 8, which corresponds to a 400—foot ceiling , north wind ,
dayli’jht hours. If 13 = 415 , and 214 < 415 -‘ 429 , the visibility is 2 miles.

There is no row in the wind d i rect ion , ceiling, and vi si b i l i ty  matr ices
corresponding to 30 kno ts , 50 feet , and 3 m iles , respectively. These are
defaults which , if U is greater than any number in the column , the value
associated with the , quantities is assignc-d . The tabulated values of wind
di rec t ion  and speed , ce i l i ng  an ’ visibility are thus found and treated by
the computer as nominal values Li which , within their respective ranges of
values, a random uniform incrr’m’-rit is added or subtracted. As mentioned
in Section 3.3.1 of Chapter Three , between wind changes , ceiling and visi-
bility are allowed to fluctuate randomly within their ranges by an exponen-
tial process with a mean time to change of 15 minutes.

2. ARRIVAL RATES

The arrival rate data were not collected in the form discussed ; that
is , arrival rates for both weather conditions at all destination airports
by time of day are not known . Were these available , the overall arrival
ra te fo r any hour , both VFR and IF R , could be found by summing X l)k over i
— the destination airports. An approximation was used in the model demon-
stration . The source for this approximation was data from the Performance
Measurement System (PMS) for Airports , dated November 1975. Figure A-3
was taken from this report and shows arrivals of scheduled aircraft as a
function of time. This graph was converted , by manual measurement , in to  a
table of approximate numbers. The table was extended quite arbitrarily to
cover a 24-hour day. It was assumed that these rates could be made applica-
ble to IFR or VFR cond iti ons by mul tip lying them by a constant. This , in
fact , was done in the demonstration runs. In other words , at present, these
data are not authoritative . The last column in Figure A— 4 shows the rate of
a r r i val , by time of day , for VFR conditions. These figures are the same as
those used in the demonstration at TSC on September 20-22, 1976. Other
uses of the m a t r i x  in Figure A-4 are discussed in the following section .
It is suggested that before the rncdel is exercised for analysis that these
data be collected in the form called for in the previous discussions .
Assuming the total arriva l rates for weather c ondItions and t ime of day for
each destination airport were available , the mode l could be expected to
simulate accurately the phenomenon of arrival t ime creation .
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3. DESTINATION ASSIGNMENT

Although it was desired to have the percentage of aircraft , by type ,
time of day , and weather condition , landing at each airport, this infornna—
tion was not available.

Table 3— 1 of Chapter Three gives some of the requisite data for instru-
ment approaches. No corresponding data was available for VFR approaches.
Thus , while it can be surmised that, for example , the relative number of
general aviation aircraft would materially increase under VFR condi tions ,
more so relatively than air carriers, the factor is unk nown. For lack of
better info rmation , the data in Table 3-1 was used for both weather
conditions.

These data are incorporated in Figure A-4 in the following way. Of
the 31283 aircraft arriving in the Boston TCA , 26142 or 83.6 percent , are
destined for Logan. It is assumed that this condition prevails when all
airports are open. When some of the secondary airports are closed , the
percentage will be higher. The first five columns of Figure A-4 correspond
to holding fixes serving 5ogan. Between the hours of 0800 and 1800 all
airports are open , and in column five the figure 836 , corresponding to
83.6 percent, tells the model to assign that percentage of all aircraft to
Logan. These aircraft are assigned to each holding fix on the basis of
information supplied by Logan approach control personnel. For those air-
craft destined for Logan , the percentages assigned to the five holdin-~
fixes are as presented in Table A—3 .

Table / 4 - 3 .  PERCENTAGE OF AIRCRA FT BOUND FOR LOGAN
ENTERING OVER HOLDIN G FIXES

Fix Fix Number Percentage

Manjo 1 30

Millis 2 30

Bridgewater 3 25

Skipper 4 5

Lawrence 5 10

The figures are then reflected in the cumulative percentages in the
first five columns of Figure A—4. For example , Manjo , holding fix number 1
in Figure A-4, gets 30 percent of Logan traffic , thus .3 ~ .836 = .251 , and
this number 251 is seen in the first column between the hours of 0800 and
1800. For times of day when some of the secondary airports are closed , the
traffic totals were distributed over the airports which were open.

To f i n d  a destination , a uniform random number is drawn and is compared
for the time of day with the cumulative distributions shown in Figure A-4.
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For example , at 0915 the number 943 is drawn . Entering row 10 it can be
seen that 928 - 943 ( 946, hence the destination is airport number 7 —

Beverl y.

Columns 1 through 5 correospond , re— ;[s ctively ,  to Man jo , Millis ,
Bridgewater , Skipper , and Lawrence. Columns 6 through 17 correspond to
Bedford , Beverly, Fitchburg , Fort Devens , Lawrence , Mansf ield , Marshfield ,
Newburyport (Plum rsland) , Norwood , Plymouth , South Weyinouth , and Taunton ,
respectively.  The la st col umn , treated by the program as a default , is
Tow-Mac, and shows the h o u r l y  rate of total arrivals.

4. AS:;IGNMENT OF USER TYPES

Kaving the destination , the ucer type can be assigned on the basis
of the data in Table 3—1 of Chapter Three . Figure  A-S shows the selection
matrix. Its relationship to Table 3-1 can be seen in the following example .

Suppose the destination is Bedford , where 2902 is the total. Of these ,
87 or 2.99 percent are air carriers , 235 or 8.09 percent are air taxis ,
2425 or 83.56 percent are general aviation , and 155 or 5.34 percent are
military . If these j~ercentaqes are changed to numbers hetwee: 0 and 1000,
the cumulative distribution i~ 30, 111 , 947, and 1000. Row 6 of Figure A-S

• shows , for cel uxnn s 1, 2, and 3 , corresponding to air carrier, air taxi.
and general  av iation , respective ly, the fir-s t three of these numbers .
Military aircraft are treated as defaults.

Since no VFR da ta , corresponding to Table 3-1 exist:-; , the matrix
corresponding to IFR conditions is identical to Figure /4-4.

M A T R I X  HALFWOkD S A V IV A I U E V F R P T

CU~~.I  2 3

R O W 1 182 897 994,
2 782 89? 996
3 782 897 996
4 ?8~ 897 996
5 782 897 996

-‘- 6 30 U I  941
7 0 2 866
8 0 0 1000

— 
-. -~ 9 0 0 38

.- 10 0 190 1000
~ 11 0 0 1000
- -  12 0 0 1000

U 0 0 1Q00
64 ~ 11 869
15 0 0 1000
16 0 0 17 4
17 0 0 1000
IR 0 /3’~ 1000

A ,’- ( I i  i - , L ’  - 
~YP

Matrix is used to determ inf- aircraft type once
destination is known in VFR cond i t i e~c,.

Figure .4-5. USER TYPE BY DESTINA T ION
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5. DISTRIBUTION OF WEIGHT CLASS AS A FUNCTION OF TYPE

Table A—4 presents aircraft distribution data derived from information
supplied by TSC, and based in part on FAA equipment forecast for air carrier
opera tions at Logan . The weigh t classes wer e assigned to the forecast air-
craft types in accordance with Appendix 3 to Reference 5. The figures are
approximations; therefore , before the model is used for analysis , they
should be verified.

Table A-4. FREQUENCY DISTRIBUTION OF
AIRCRAFT WEIGHT CLASSES

Weight (lass
Type -

~

Sm a l l  Large Heavy
1

A ir Ca r r ier Ii .~~~ .1

Air Taxi .1 .9 0

General Aviation .9 .1

MilitaLy .02 .9 .08

6. DISTRIBUTION OF APPROACH CATEGORY AS A FUNCTION OF TYPE

Table A— S presents approach category data which wa: also based on
information ~;up~~lied by T~~fl . The fb-~~jre- ~r’ approximations; therefore ,
before the model is used for analysis , they shou ld  be ver i f i e d .

Tabl e .4-5. FREQUENCY DISTRIBUTION OF AIRCRAFT
APPROACH CATEGORIES

Approach Category
Type

A B C I)

Air Carrier 0 .05 .1 .85

Air Taxi .9 .1 0 0

General Aviation .9 .07 .03 0

Military .1 .3 .3 .3

Table A-4 is combined with Table /4-5 as a single input matrix, and is
displayed in Figure A— 6. The data are shown as cumulative probability
distributions.

A- 10
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MATR IX HALFwQR (~ SAVEVA IUECA TWT

COL. l 2 3 4 5 6 7

ROW Ii 0 0 787 1000 0 787 1000 A ir - cr r l - - r

2 0 1000 1000 1000 0 1000 1000 AIr Taxi

A/C ~ 3 1000 10CC 1000 1000 1000 1000 1000 : -  r41 A-;, .t i r
Type 4 300 500 1000 1000 500 1000 1000 ~i 1lt~ r-j

(. ‘— ___________ ________ —I

A : - :  - :. 
~~~~~~~~~~~~ lass

( - - . ‘ ‘  ;~ ry

Matr ix is used to def ine a i rc ra f t category and weig ht ,
once type has been determined .

Figure /4 -6 .  CUMULATIVE FREQUENCY DISTRIBUTION OF AIRCRAFT
APPROACH CATEGORIES AND WEIGHT CLASSES

7. ROUTE DISTANCES FROM HOLDING FIXES TO LOGAN UNDER RADAR AND NONRADAR
(VORTAC) ENVIRONMENTS

The distance tables are shown in Fi gures /4—7 and /4-8 as program input
matrices. The numbers in row 6 (Figure A-B) define the matrices that
carry airport data.

8. DISTANCES FROM SECONDARY AIRPORTS TO LOGAN

The distances from the secondary airports to Logan are also shown in
Fi gures /4-7 and /4-8.

9. MINIMA FOR EACH APPROACH SERVING EACH RUNWAY BY APPROACH CATEGORY

Ceiling-visibility and landing approach data are tabulated for each
runway at each airport. Table /4-6 shows these minima for Logan , and Fi gure
A— 9 shows the sante data displayed as they are presented to the computer
except that the order of the runways is different. In Table /4—6 , different
minima are shown for the same type of approach on different runways. This
is because the minima depend on whether a straight-in or circling approach
is used.

10. IDENTITY OF ALL FACILITIES NECESSARY FOR EACH APPROACH AT EACH RUNWAY

Table A-7 was compiled by examination of the Instrument Approach Pro-
cedure Charts, and defines those facilities which are necessary for a
particular approach . The numbers are either zero or non-zero . A zero
indicates that the facility is not necessary. A non-zero entry is the
number of the facility as carried in the Facility Status File.
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Fi gure /4-10 displays the same data in the form of the program input
matrix.  The first four columns show those facilities essential to the
approach. The last four columns are facilities which , if down , have only
the effect of raising the minima for the approach , as prescribed by FAA
regulations.

It is possible that a different set of facilities may define the same
approach on the same runway. For example , when lacking a DME , the necessary
fixes can be established either with another DME or from bearing information
solely. For this reason , the model contains more than one matrix of the
form of Figure A-10. The separate entries are a requirement to maintain
unique program look-up logic.
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Figure  A- 1 O.  APPROACH DEFINITION MATRIX
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11. MTBF AND MTTR FOR FACILITY STATUS FI LE

These two failure and repair parameters are required for each of the
following facilities or functions. Table A_8* shows the facilities car-
ried in the Facility Status File. Figure A—l I shows the program matrix.

Tab) , ’  A- 8  FACILITY FILE

Fa 11 1/  

~JI~~~z 
~~~~~~~ 1 H m F 1 F  F

1 V’~FF Lawri,, ee LWM 11 ~ ~0 F F I : F , F -  I l - v  n y  B~~ 1 ” . . 7

2 ‘10fF 
- 

W FF, tn,ar, FITS F “7 . F) 14 ;;I,E FJ’, r- ’,,,-F ‘W I 1’ -” , 3

F V’F8 - M,,,,’ ,‘- ‘ ,ti,r MIII ( 1 4 . 2  35 11,1, F F 1  ,n, -~EW F F12

4 VI,11 Fp,,,,t,,:, 1FF ,: , 112 . 7 , 0, TAF AN S. WeyinoutF~ J A F  - F ,  -

5 1)1-FE Wh itman C h .27  37 /~- ,F- F~’, ’ ,r ’v,

4, 1)1-fE Man,c hp ,,ter (2?, . 149 FF7 AF. , I’ F F ’, ’i t  fl, I
7 [Ft-FE 8014 ton 51 .74 F ’? SEC RA F lu , l  ‘fit

F, - i ~ t - , F F ’,,fi 4 ’ t 1 1 F F ) . , — F F l 5 1 F - , n

9 ‘75 
- 

Hr,’ t ’ ,r, 1 51- ~, 41 17 1 111, 1,1W 1~~’t t ’  ‘ I

1’) GS Ho~~ton 411 41 11FF!. I F,awr 2 3

Ii OS - Fl - ,ti~r, ilL 4 7  Il lS) .  l iFtS’ , , ,  41’ -

12 1// H,’dfop-d I — IF S,), 1 ‘‘..S 44 F F 1  ( ‘F, (j-s~ I - ,~, 21) -
13 IA)C ~4, r - t , ’ .  1— LWM I II. ? 4’- FF1111. , FF.~~,l ‘fit 15 FF

14 LFi ’ h’, - , t ’FFF 1511 1—51)5 110 .7 44 FF 1111 . H’- , ’ ‘ i t  F F ) ,  
-

F 5 IX)C - l l r, ’-,C r , , ,  4 1’ 1— W/: 11 Cl. 1 47 F F 1 F~1 FF ’~~ ton ‘ F

IS (OF ’ I Bo,;tor, IlL I-LiP 110 .7 4 11 F F 1  FF1. F F 5 ’ ,,, 27

17 - I ’ M  8e~~f~,rd BE F F 2  I 4’ F F - l.A F~- , - t t ’ ,r ,

111 fF os t ,, 1511 ~~ 3Th ‘ F~- - .~ 
,
~~ , -

I - , SF ,M 
-~ R i , . F ‘,r, 411 80 221 51 I’M ~, F ” - V .- r 1

45 1135 FFi ,’,t ‘ ,i, 3 FL LI 34F, 52 FM

ii MS k,’ ’Ff’ ,r’ ‘, F FFI,IF - Iii- - I F ’, r - l  rF 151
I 

MM 1 1 F ” — t ’ i t  15FF  ‘ -4 1111’), I l -iw, - r ’ , -

iF  MM I .1 ‘,r, 45 5’, 141 P1. 1.awrnn’,.- I I -

44 F’V F”- ’ I’,~, 22L ‘ F  till- FF5- I sr, 4FF

25 1108 RIlverly TOE 263 57 Al l) FF’ - ’ , F - ,,, I lL

• )i , 111)5 I14 W ’ r t ’ , DYO 152 ‘ ‘4  FF1111. 5. W. ’yms,S F,  IF

27  NDS S.  Wnymou t h IA F  2 F U ‘‘I FF11 - I , S. W,.ymoutF, 26

28 NOR T’~W — M ., ’  IFFIX 4 F F )  F .” I I I  ‘1 S - W ”y~’t’.’ t I, 17

1’? 1108 Ta , i r , I . ,~, TAN .‘ / /  F,l FI l l’ ) 5. Wr.ymoutFF 3 ,

4 5 111)8 I F / rn- V t ?, I F ’ / M  / 5 7  F /  ASS S. Wi”~~ .,,it F ,  -‘I-

II 11014 N,.F rwrM, ’I 50( 1 2FF1 ‘ . 7  FF11 - I ,  F , . - - F I r , r ’ F  22

F l  111)1-4 F , t . F , F , . , , ’ j  FIT ‘ ‘F ,

*The data source is “Air Navigation and Air Traffic Control Facility Per—
formance and Availabili ty” (RIS:SM 6040-20), Report for Calendar Year
1975 , prepared by the Airways Facilities Service , FAA , Washington , D.C.
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M A T R I X  FUL IwORO 5AV 1V 41U~ fA C 1 1

(.LL FJ 1-’ N 1 2 / ~ 1’ ,,,

4’ IjW 1 1 60300 318
2 1 60300 3 16

1 60300 318
4 1 60300 318
5 1 12300 402
4- 1 24€00 534
7 1 24600 534
8 1 265 00 1260
9 I 28500 1260

10 1 2 8500  1160
11 1 28500 1260
12 1 23400 900
13 1 24400 900
14 0 23400 900
15 0 23400 900
16 0 23400 900
17 0 111900 1920
18 0 11 1900 1920
19 - 0 111900 1920
20 ,. C 111900 1920

-~ I 0 130500 2580

- 
1? :‘ - 0 130 500 2580
23 I 0 130500 2580
24 . 0 130500 2580
25 0 2100000 660
26 0 2100000 660
2 7  - ‘ I 0 2100000 660
26 — C, 2100000 660

-: 19 ‘~ 0 1100000 660
- 3(1 £ 2 100000 660

-, 31 0 2100000 660
3d -~ 0 2100000 660 1 ,  , , ‘ - ,  ‘ ,‘ . i i ’ , , ,

• 13 .
~ 1 0 2100000 660

34 ,‘ 0 11001400 660

‘
-F 35 ‘

~ U 1100000 660
36 -. 0 24600 534
37 -

~ 0 36300 96
38 ‘ 1 5160 180
39 “ 0 29100 120
40 - - - 0 20100 114
41 0 25200 780
42  :~~~~~, 25200 780
43 - - C~ 25200  780
44 - C’ 25200 180
45 I 0 25200 780
46 0 25200 780
47 0 25200 780
48 I 0 ~5200 780

F 49 0 2100000 616
p - 50 £ 2100000 616

51 C 2100000 660
52 - (1 1100000 660
53 0 2 100000 660
54 0 25200 180
55 C’ 2 5200 780
56 0 25200 780
57 0 25200 780
58 0 25200 7 80
59 0 15200 180
60 0 25200 180
61 0 25 200 780
61 0 25200 780
63 C 2 5200 780

bS ’j uro A - i l.  FACILITY STATUS FILE
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12. TABLE OF TRAIL SEPARATION AND NUMBERS OF AIRCRA FT PER CONTROLLER

Table 3—2 in Chapter Three lists the data used in this model. Figure
A-l2 shows the same data as an input matrix.

M A T R I X  HAL FWOPO SA VEVALUkAPSEP

COF.. 1 2 3 4 5 6 1 8 9 10 11

R O W  1 3 1 39 40 38 3 1 2 3 0 1 20
2 31 39 40 0 3 1 2 3 0 1 20
3 37 39 0 38 3 1 2 3 0 1 It-
4 31 39 0 0 ,l 1 2 3 0 1 16
5 37 0 40 38 4 0 1 2 0 0 10
6 37 0 40 0 4 0 1 2 0 0 10

D 7 31 0 0 38 4 0 1 2 0 0 12
2 7  8 37 - 0 0 0 4 0 1 2 0 0 12

-~ 9 0 39 40 38 3 1 2 3 0 I 20
10 0 39 40 0 3 1 2 3 0 1 20
11 0 39 0 38 5 0 0 1 0 0 16
12 0 39 0 0 5 0 0 1 0 C, 16

FF 13 0 0 40 38 5 0 0 1 0 C 10

~~~ 14 0 0 0 38 5 0 0 1 0 0 F?
0 0 40 0 12 0 0 1 0 0 10
0 0 0 0 11 0 0 1 0 0 8

‘—‘—p 
‘

I , - ’
F . F n F - r - -- - , . r i - - 1 , . , r . - - F  “‘ I” j , - - F  ,,- F - F s , - ,,,., ) “ F - ’ ’ ’ I - F -  l,,(nt, ’ r  o f  a i r e n a f t
‘ ‘F ’ ’ - ‘ F - - ’ i - , n ~~,,,- .i - F - . l Y a t , ’ ,h i, m , F , ’ s  F r  ‘,ari’ ,us d i r  ‘ srfl r’ ,I car,

‘n, Fr .  m i i i ’ - . w ’ F ’ F ~ I - . ‘,l - i i , -  r a f t  5apr41,, at ‘in., t ime
r , t . ’- r i d  ~~~~~~~

Iron. , I - F m 1 ,.- r ,

Fi gure 11-12. SEPARATION MATRIX

13. AIRPORT DEFINITION DATA

Figure A-fl displays the matrix used by the model to define the air-
port layout . Two different matrix formats are used , one for a pr inc ipal
airpor t such as Logan , and another for the secondary airports. The
matrices are self-explanatory . One note of importance is that the field
elevation number is used in conjunction with the minima tables to deter—
mine ceiling heights above the ground .
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REPORT OF NEW TECHNOLOGY

No patents of invent ions were generated under this contract . However ,
the effort did advance the state of the art in aviation system modeling .
The major development was the integration into one model of the numerous
elements that affect aircraft delays ; namely: FAA facility availabilities ,
aircraft traffic levels, air traffic control procedures , aircraf t perform-
ance , and weather. A related development involved the formulation of a
cost model for estimating the manpower costs associated with maintaininq
FAA facilities.
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